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A method and corresponding apparatus employ a time­
varying spectral analysis approach for reconstructing a 
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motion artifacts are produced by motion of a biomedical 
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varying spectra of the heart-related signal and a motion 
signal, those frequency peaks resulting from the motion 
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based approach enables the heart-related signal to be recon­
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METHOD A:\D APPARATUS FOR 
REMOVING :VCOTION ARTIFACTS FRO:VC 

BIOMEDICAL SIGNALS 

RELATED APPLICATIONS 

2 
TI1e pre-processing may include filtering the heart-related 

signal 10 produce a filtered heart-relaled signal. 
The pre-processing may further include down-sampling 

the filtered heart-related signal, the down-sampling being at 
5 a sampling rate less than an original sampling rate. 

Th.is application claims the benefit of U.S. Provisional 
Application No. 62/172,862 filed Jun. 9, 2015 and U.S. 
Provisional Application No. 62/299,944 filed Feb. 25, 2016. 
The entin: teachings uf the above applications art: inwrpu- JO 

rated herein by reference. 

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

The first TFS computed and 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. 

GOVERNMENT SUPPORT 

Th.is invention was made with government support under 
Grant No. W81XWH-12-1-0541 from the USJ\rmy Medical 
Research and Material Command (USAMRMC). The gov­
ernment has certain rights in the invention. 

BACKGROUND 

Heart rate monitors have become widely-used training 
aids for a variety of sports. Some heart rate monitors use 
sensors based on photoplethysmo graphy (PPG) technology. 
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 

During exercise and other activities, PPG and other sen­
SOrS n1ay experiMce movement, such as shifting p0sition 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 processor as a 
heart-related signal if not addressed in advance of or as part 
of the processing in tbe processor. By properly addressing 
the motion artifact, an embodiment disclosed herein has 
improved accuracy in reconstrncting the heart-related signal, 
thereby enabling precesses that use the heart-related signal 
to have bener performance. 

15 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. 

l11e reconstructed representation may be a current recon­
structed repre.sentatiou. Based on the classification iudical-

20 ing 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 determiuing 
whether at least one spectral peak is present having a 
corresponding frequency within a given frequency range at 

25 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 recoustrucred represen-

30 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. 

The reconstructing may include retaining up to a pre­
detenui11ed number of candidate spectral peaks located at a 

35 first point in time in the first TFS computed. The candidate 
spectral peaks retained may be based on having correspond­
ing 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 

40 having respective frequencies within the given frequency 
range. The reconstructing may further include discarding 
each of the candidate spectral peaks retained that is associ­
ated with a same frequency as a dominant spectral peak 
located at a second point in time in the second TFS com-

45 puled. 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. 

Accordingly, a method for reconstrncting a heart-related 
signal output by a biomedical sensor may comprise recon­
strucring a representation of the heart-related signal to 
produce a reconstmcted representation of the heart-related 
signal. Tue reconstructing may be based on (i) a time­
varying spectral analysis of tbe beart-relnted signal and a so 
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 

Tue 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 reconstmcted 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. 

by movement of the bio medical sensor relative to a sensing 
location, and the classification of the movement may be 55 

based on (ii) a c lassification of the movement. The method 
may farther comprise outputting tbe reconstructed represen­
tation of the heart-related signal. 

The discarding may be a first discarding, the representa­
tion may be a current representation and, in an event the first 
discarding results in at least one remaining candidate spec-Tue motion artifacts may be suppressed in the recon­

structed representation of the heart-re lated signal. 60 tral peak retained, reconstructing the current representation 
may further include second discarding. The second discard­
ing may discard remaining candidate spectral peaks, of the 
at least one remaining candidate spectral peak retained, 

Tue time-varying spectral analysis may include pre-pro­
cessing 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 65 
an average value of peak-to-peak intervals in the pre­
processed heart-related signal. 

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 
reconstmcted representation's frequency. The prior recon-
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structed representation associated with a previous point in 
time in tbe first TFS computed. The previous point in lime 
may be an earlier point in time with respect to the first point 
in time. 

4 
to a first ratio value. The method may compute a second ratio 
of the third frequency identified lo the firs! frequency 
identified. The method may determine a second comparison 
result by comparing the second ratio computed to a second 

5 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 

Based on each of the at least one remaining candidate 
spectral peak retained having been discarded by tbe 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 current represen­
tatiOD 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 remain­
ing having a closest corresponding frequency to the prior 15 

reconstructed representation's frequency relative to respec­
tive frequencies of each of the at least one last candidate 
spectral peak remaining. 

JO be 3. 

The dominant spectral peak may have a largest power or 
ampli111de value relative to other peaks located at the second 20 

point in time in the second TFS. 
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 25 

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

The time-varying signal analysis may include pre-pro­
cessing the heart-related signal to produce a pre-processed 
heart-related signal and, in an event the classification of the 
movement indicates the random movement, the reconstruct­
ing may include computing an average value of a number of 
prior reconstructed representations outpuned prior to the 
reconstructing. The number may be based on a duration of 
consecutive motion artifacts, detected prior to the recon­
structing. The time-varying signal analysis may further 
include computing a bandpass filter cutoff frequency based 
on the average value computed, and filtering the pre-pro-
cessed 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. 

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

The method may comprise segmenting the heart-related 
The time-varying spectral analysis may further include 

pre-processing the heart-related signal and the morion signal 
for the computing of the first TFS and the second TFS. 

The pre-processing may include filtering tbe heart-related 
signal and the motion signal to produce a filtered heart­
related signal and a filtered motion signal, respectively. The 
pre-processing may fo.rther i11clude down-sampli11g both the 
filtered heart-related signal and the filtered motion signal, 
the down-sampling being at a sampling rate Jess than an 
original sampling rate. 

30 signal into a plurality of windowed heart-related signal data 
segments and segmenting the morion signal into a corre­
sponding plurality of windowed motion signal data seg­
ments. The method may comprise repeating the reconstruct­
ing mid the outputting for each wi11dowed heart-related 

35 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. 

The method may further include classifying the classifi­
cation of the movement by comparing an amount of ampli­
tude modulation in the second TFS computed to an ampli- 40 

tude 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 45 

the movement does rise to the level causing the motion 
artifacts, classifying Lhe classification of the movement may 
further include detem1ining whether the movement is either 

TI1e biomedical sensor may be at least one of: a photop­
lethysmogram (PPG) sensor, piewelectric sensor, Light 
Emining Diode (LED) based sensor, camera sensor, and 
pulse oximeter sensor, and the motion sensor may be an 
accelerometer. 

TI1e biomedical sensor and the motion sensor may be 
co-located. 

The method may further comprise employing the recon­
structed representation to determine a heart rate estimate. 

TI1e method may further comprise employing the recon­
structed representation to determine an arterial oxygen satu­
ration (Sp02) estimate. a pseudo-periodic movement or a periodic movement, ver­

sus a random movement. 
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 
amplill1de 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. 

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 t11e second frequency identified ro 
the first frequency identified. The method may determine a 
first comparison result by comparing the first ratio computed 

so The method may further comprise employing the recon-
structed representation 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 tachycar-

55 dia condition. 
The reconstructing and the outputting may be perfom1ed 

in real-rime with respect to production of the heart-related 
signal and the motion signal. 

The reconstructing and the outputting may be perfom1ed 
60 in uon-real-tin1e with respect to production of the heart­

related signal and the motion signal. 
According to another embodiment, an apparatus for 

reconstructing a heart-related signal output by a biomedical 
sensor may comprise a reconstruction unit. The reconstruc-

65 rion unit may be con.figured to reconsrmct a representation 
of the heart-related signal to produce a reconstmcted repre­
sentation of the heart-related signal, the reconstructing based 
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on (i) a time-varying spectral analysis of the heart-related 
signal :.md a morion signal, the motiM signal output by a 
motion se11sor and representative of motion artifacts i11 the 
heart-related signal, the motion artifacts being signal arti­
facts produced by movement of the biomedical sensor 5 

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 representation of 
tbe heart-related signal. 

Yet another example embu<liment may indu<le a nun- JO 

transitory computer-reada hie medium having stored thereon 

FIG. 14C is a table that includes PPG datasets and 
experi.metllS serri11gs. 

FIGS. JSA-8 show an example resultant variable fre­
quency complex demodulation (YFCDM) time-frequency 
spectrum of recordings from a given subject. 

FIG. 16 shows twelve components corresponding to the 
Infrared (IR) and Red signal for the given subject. 

FIGS. 17A-C are example spectra plots corresponding to 
three scenarios. 

FIG. 18A shows a representative filtered time-frequency 
spectral plot of PPG recording from subject #5. 

a sequence ofinstrnctions which, when loaded and executed 
by a processor, causes the processor to complete methods 
disclosed herein. 

It should be understood that embodiments disclosed 
herein can be implemented in the form of a method, appa­
ratus, system, or computer readable medium with program 
codes embodied thereon. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 188 shows tracking of HR based on embodiments 
disclosed herein. 

FIGS. 19A-B represent comparisons of an estimated 8 
15 second moving average HR from a spectral approach for 

filtering motion artifacts for oxygen saturation estimation 
(OxiMI\) method to a reference FIR, and an HR calculated 
from a motion-cormpted PPG signal compared to a refer-

20 
ence HR from an ECG, respectively. 

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

The foregoing will be apparent from the following more 
particular description of example embodiments of the inven­
tion, as ilJustrated in the accompanying drawings in which 25 

like reference characters refer to the same parts throughout 
the different views. The drawings are not necessarily to 
sc.ale, emphasis instead being placed upon illustrating 
embodiments of the present invention. 

FIGS. 21A-C and FIGS. 22A-B show reconstmcted arte­
rial oxygen saturation (Sp02) and FIR in comparison to the 
reference HR from ECG recordings for the given subject. 

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

FIG. 1 is a block diagram of an example application for 30 

wb.icb embodiments clisclosed herein may be applied. 
DETAILED DESCRIPTION 

FIG. 2 is a flow diagram of an example embodimem of a 
method for reconstructing a heart-related signal output by a 
biomedical Sensor. 

[']GS. 3A-C are flow diagrams of example embodiments 
of a method for reconstructing a heart-related signal output 
by a biomedical sensor. 

FIG. 4 is a block diagram of an example embodiment of 
a system. 

A description of example embodiments of the invention 
follows. 

AccUrate esl'in1ation of a heart rate (HR) and changi11g 
35 arterial oxygen saturation (Sp02) from a heart-related sig­

nal, such as a photoplethysmogram (PPG) signal, during 
intense physical activity is a very challenging problem. This 
is because strenuous and high intensity exercise can result in 

FIG. S is a block diagram of an example embodiment of 40 

an apparatus for reconstmcting a heart-related signal output 

severe motion artifacts (MAs) in the heart-related signal, 
making accurate HR and Sp02 estimation difficult. 

HR monitoring using PPG signals has many advantages 
compared to using traditional ECG sensors, such as simpler 
hardware implementation, lower cost, and no need for daily 
application of electrodes (SaJehizadeh, S. M. A., et al., 
Photoplethysmograph Signal Reconstruction based on a 
Novel Motion Artifact Detection-Reduction Approach. Part 

by a biomedical sensor. 
FIGS. 6A-6C show Time-Frequency spectra of a record­

ing from a dataset. 
FIG. 7 is a filtered time-frequency spectral plot of a 45 

photoplethysmogram (PPG) signal. 
FIGS. 8A-88 show motion artifact detection in a PPG 

spectrum according to embodiments d isclosed herein. 
FIG. 9 shows a comparison of reconstrncted heart rate 

(HR) obtained, according to embodiments disclosed herein, 
to reference HR obtained from simultaneous electrocardio­
gram (ECG) recordings. 

FIG. JOA is an example embodiment of PPG signal 
reconstruction according to embodiments disclosed herein. 

FIG. 108 is a zoomed-in version of FIG. 10A. 
FIGS. llA-B show comparisons of heart rate variability 

(HRV) spectra between a reference and a reconstructed HRV 
time series (e.g., as shown in FIGS. 10A-B) from a motion 
arti fact-contaminated PPG signal for a given dataset. 

FIG. 11.C is a performance comparison table of a spectral 
approach for filtering motion artifacts (SpaMA) method to 
alternative methods. 

FIGS. 12A, 128 , 13A, 138 , 14A, and 148 show the 
reconstrncted HR and corresponding power spectral density 
(PSD) of a sample-sample windowed HR, according ro 
embodiments disclosed herein, in comparison to a reference 
HR from an ECG. 

II: Motion and Noise Artifact Removal. Annals of Biomedi­
cal Engineering, 20 14. 42(11 ): p. 2251-2263). Fluctuations 
of the PPG signal are caused by changes in arterial blood 

so volume associated with each heartbeat, where the magnin1de 
of the flucniations 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 

55 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, lEEE Transactions on, 

60 2009. 56(8): p. 2054-2063; Lee, J. and K. H. Chou, Respi­
ratory Rate Extraction Via an Autoregressive Model Using 
the Optimal Parameter Search Criterion. Annals of Biomedi­
cal Engineering, 20 10. 38(10): p. 3218-3225; Dash, S., et al., 
Estimation of Respiratory Rate From ECG, Photoplethys-

65 mogram, and Piezoelectric Pulse Transducer Signals: A 
Comparative Sn1dy of Time-Frequency Methods. Biomedi­
cal Engineering, IEEE Transactions on, 201 0. 57(5): p. 
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1099-1107; Jiuseok, L. and K. H. Chon, Time-Varying 
Autoregressive Model-Based Multiple Modes Parlicle 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 5 

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., 10 

Pbotoplethysmograph Signal Reconstrnction based on a 
Novel Motion Artifact Detection-Reduction Approach. Part 
II: Morioo and Noise Artifact Removal. Anoals of Biomedi-
cal Engineering, 2014. 42(11): p. 2251-2263). Even simple 
knowledge o f HR panerns would provide more usefol 15 

clinical information than just HR and blood oxygenation, 
especially in situations in which a pulse oximeter is the sole 
monitor available. Ooe 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 20 

(Jo Woon, C., et al ., Arrhythmia Discrimination Using a 
Smart Phone. Biomedical and Health Jnformatics, IEEE 
Journal 01; 2015. 19(3): p. 815-824). In addition to the 
acqujsition of HR in response to exercise, research has 
recently focused on obtaining HRV information from wear- 25 

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, 30 

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. II., 35 

Cardiovascular response to exercise. Arn 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 art ifacts (MAs) result in 40 

unreliable HR and Sp02 estimation (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). Cli- 45 

nicians have cited motion artifacts in pulse oximetry as the 
most corumo n cause of false alarn1s, loss of signal, and 
inaccurate readings (Jubran, A., Pulse oximetry. Crit Care, 
1999. 3(2): p. Rll-r17). During physical activities, MA 
contrunination in PPG signals seriously interferes with HR so 
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 55 

motion artifacts in wearable reflected photoplethysmogr<1-
phy. J Med Syst, 201 I. 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 (Tilakor, N. V. and Y. S. Zhu, 60 

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 reconstrncting the corrupted signal and 
removing artifacts is challenging. There are a number of 65 
general techniques used for artifact detection and removal. 
One of the methods used to remove motion artifacts is 

8 
adaptive filtering (Diniz, P., Adaptive filtering: algoritluns 
and practical iroplemenlation. 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- Journa1 of Basic Engineering, 1960. Series 0 (82); 
Morbidi, F., et al., Application of Kalman Filter to Remove 
TMS-lnduced Artifacts from EEG Recordings. Control Sys­
tems Technology, IEEE Transactions on, 2008. 16(6): p. 
1360-1366; Seyedtabai i, S. S. a.L., Kalman filter based 
adaptive 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 no isy sources (Salehizadeh, S. M. 
A., et al., Pbotopletbysmograph Signal Reconstruction 
based on a Novel Motion Artifact Detection-Reduction 
Approach. Pan Motion and Noise Artifact Removal. Annals 
of Biomedical Engineering, 2014. 42(11): p. 2251-2263). 
Some of the popular BSS techniques are independent com­
ponent analysis ()CA) (Comon, P., Jndependent component 
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 component analysis 
(PCA) (Jolliffe, I. T., Principal Component Analysis. 2 ed. 
Springer Series in Statistics. 2002: Springer-Verlag New 
York. 488), and singular spectrnm analysis (SSA) (Salehiza­
deh, S. M. A., et al., Photoplethysrnograph Signal Recori­
struction based on a ~ovel Motion Artifact Detection­
Reduction Approach. Part ll: Motion and Noise Artifact 
Removal. Annals of Biomedical Engineering, 2014. 42(11): 
p. 2251-2263; Elsner, J. B. and A. A. Tsonis, 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 Traosactions on, 2010. 57(8): p. 1867-1876) later 
proposed using frequency-domain-based ICA. However, the 
key assumption iu !CA, namely statistical independence or 
uncorrelation, does not hold in PPG signals contaminated by 
MA (Yao, J. and S. Warren, A short snrdy 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
h.izadeb et al. (Salehizadeh, S. M. A., et al., Photoplethys­
mograph Signal Reconstnrction 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) pro posed 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 
II: Motion and Noise Artifact Removal. Annals of Biomedi­
cal Engineering, 2014.42(11 ): p. 2251-2263, SSA is used to 
decompose the comrpted segment adjacent to the clean 
segment and the SSA components are chosen in the cor-
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rupted segment that have a similar freq uency range to that of 
the adjunct clean components. AJtbougb Salebiwdeb, S. M. 
A., et al., Photoplethysmograph Signal Reconstruction 
based on a Novel Motion Artifact Detection-Reduction 
Approach. Part H: Motion and Noise Artifact Removal. 5 

Annals of Biomedical Engineering, 2014. 42(11): p. 2251-
2263 reports good performance, the method cannot be 
applied in scenarios where the HR and Sp02 are varying 
rapidly due to com 1ption and movement. Acceleratio n data 
are also shown to be helpful to remove MA. For example, 10 

Fukushima et al. (Fukushima, H., et al., Estimating heart rate 
using wrist-type Pbotopletbysmography and acce leration 
sensor while rwm ing. Conf Proc IEEE Eng Med Biol Soc, 
2012. 201 2: p. 2901-4) suggested a spectral subtraction 
technique to remove the spectrum of acceleration data from 15 
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, lmproved elimination of motion 
art ifacts from a photoplethysmographic signal using a Kai- 20 

man smoother w ith simultaneous accelerometry. Physiologi-
cal Measurement, 2010. 3 1(12): p. 1585) to remove MA. 

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 25 
Photoplethysmographic Signals During lntensive Physical 
Exercise. Biomedical Engineering, IEEE Transactions on, 
2015. 62(2): p. 522-531 ; Zhang, Z., Photoplethysmography­
Based Heart Rate Monitoring in Physica l Activities via Joint 
Sparse Spectrum Reconstn1ction. Biomedical Engineering, 30 

IEEE Transactions on, 2015. PP(99): p. 1-1) in whlch 
sparsity-based spectrum estimation and spectral peak track­
ing with verification, are used to estimate and monitor heart 
rate during inte11Sive physical activity , respectively. Both 
approaches make use of PPG and accelerometer information 35 

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 difference opera­
tions on the SSA-reconstructed PPG. SSA components are 40 

compared to the accelerometer signals and those compo­
nents with close frequencies to the accelerometer signals are 
discarded and the rest are used to reconstruct the signal. ln 
JOSS and TROIKA, spectral peak tracking with verification 
aims to select the spectral peaks corresponding to HR. JOSS, 45 
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, formulates the 
spectrum estimation of these siguals iuto a joint sparse so 
signal recovery model using the multiple measurement 
vector (MMV) model. MMV is used for joint spectrum 
estimation based on PPG and accelerometer da!a, which is 
in contrast to the single measurement vector (SMV) mode l 
that was used in TROIKA and was based on only a single 55 

PPG signal. Although JOSS bas been shown to be much 
more accurate than previous methods for reconstmction of 
heart rate from MA-contaminated PPG signals, the main 
disadvantage o f the method is it can merely provide 
smoothed HR reconstruction estimations. Neither time-do- 60 

main PPG signal reconstn1ction nor heart rate variability 
analysis can be done using JOSS or TROIKA. Temko 
proposed an approach to FJR estimation based on Wiener 
Filtering and the Phase Vocoder (WFPV) (Temko, A. Esti­
mation of Heart Rate from Photo plethysmography during 65 
Physical Exercise using Wiener Filtering and the Phase 
Vocoder. iu IEEE EMBS lntematioual Conference on Engi-

10 
neering in Medicine and Biology. 2015. Milan, ltaly: IEEE). 
Thls work showed that WFPV on avemge can perform belier 
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. 

According to embodiments disclosed herein, a motion­
corrupted heart-related signal, such as a PPG signal, may be 
reconstmcted by employing a method that is based on a 
time-varying spectral analysis. A method for reconstructing 
a heart-related signal based on the time-varying spectral 
analysis for HR estimation may be referred to interchange­
ably herein as a spectral approach for filtering motion 
artifacts (SpaMA.) method or SpaMA. A method for recon­
stn1cting the heart-related signal based on the time-varying 
spectral analysis for Sp02 estimation may be referred to 
interchangeably herein as a spectral approach for filtering 
motion artifacts for oxygen sani.ration estimation (OxiMA) 
method or OxiMA. 

FIG. 1 is a block diagram 100 o f an example application 
for which embodiments disclosed herein may be applied. In 
FJG. 1, a subject 102 is rnnning 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 J 08 includes motion artifacts that are 
signal arti facts produced by movement of the biomedical 
sensor 108 relative to a sensing location (not shown). The 
wrist band 106 may be any suitable type of wrist band, for 
example, the wrist band l 06 may be a smart watch. 

The biomedical sensor 108 may be a PPG sensor, or any 
other suitable bio,nedical se11sor, and the hea.rt-related sigi1al 
110 may be a PPG signal, or any other suitable heart-related 
signal. Tb e 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. 

Physical activity of the subject 102 may cause movement 
of the wrist band 106, and, thus, movement of the biomedi­
cal sensor 108, resulting in a gap between the PPG sensor 
and the sensing location. Ambient light may leak into the 
gap inducing spectmm com1ption in the PPG signal. This is 
because the power of the PPG signal is dependent on a depth 
aud reflectiou 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 resuli in movement tba! rises to a level causing 
motion arti facts in the heart-related signal 110. According to 
embodiments disclosed herein, the heart-related signal 110 
may be reconstmcted 112, producing a reconstmcted heart­
related signal with the motion artifacts suppressed 114. The 
reconstructed heart-related signal with the motion artifacts 
suppressed 114 may be used to accurately estimate HR, 
Sp02, or any other suitable heart-related estimate. As such, 
the reconstmcted 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 condition. 

lt should be understood that the PPG sensor is one 
example of a biomedical sensor, the PPG signal is one 
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example of a heart-related signal, and that any suitable type 
of biomedical se1:iSOr may be employed 10 produce arty 
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 5 

causes movement of the biomedical sensor 108 relative to 

window[k] of raw PPG data of FIG. 3A, element 304, 
disclosed below, and tbe window[k] of raw accelerometer 
data shown in FIG. 3A, element 310, disclosed below, may 
each include data from the respective PPG and accelerom-
eter 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. 

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 ht::n:in as a ust::r. 

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. T11e example embodiment 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 
(202) and reconstruct a representation of the heart-related 
signal to produce a reconstmcted 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 tbe biomedical sensor relative to 
a sensing location, and (ii) a classification of movement 
(204). The metl10d may output the reconstructed represen­
tation of the heart-related signal (206), and the method 
thereafter ends (208) in the example embodiment. 

The method may comprise segmenting the heart-related 
signal into a plurality of windowed heart-related signal data 
se<>.,,ments and the motion signal into a corresponding plu­
rality of windowed motion signal data segments and repeat­
ing 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 

The method may employ the reconstructed representation 
to detennine a heart rate estimate. The method may employ 
the reconstructed representation to detennine an arterial 

10 oxygen saturation (Sp02) estimate. The method may 
employ the reconstnicted 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 hea.rt failure 

15 

20 

condition, and tachycardia condition. 
The heart-related signal and the motion signal may be 

produced, concurrently. 
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 accclcrom-

25 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. l , 
disclosed above, may be a smartwatch and the biomedical 

30 
sensor and motion sensor may be a PPG sensor and an 
accelerometer, respectively, that are both disposed in the 
smartwatch or other suitable wearable device. 

FIGS. 3A-C are flow diagrams of example embodiments 
of a method for reconstructing a heart-related signal output 

35 
by a biomedical sensor based on embodiments disclosed in 
Tables 1-3, disclosed below. The method may be either a 
SpaMA or OxiMA method. 

TABLE I 

Stages l and 2 

Stage l . Tune-Varying Spectral llDalysis (see FIG . 3A) 
1.1. Filter the PPG and Accelerometer signal with cutoff frequency [ I , 50]/Fs/2 Hz. 
1.2. Down sample the PPG and Accelerometer signal to 1.4 of origi11al sunpling .rate (Fs). 
l .3. Compute I.be time frequency spectnun of both PPG and Accelerometers [0-10 Hz]. 

Stage 1. Movement Classification (see FIG. 3A) 
2.1. Check each accelerometer (X, Y o r Z) amplirude modulation at each window and 
compare to • pre-defined motion amplitude threshold. (The threshold vs.ries depending on 
the type of aceelerometer sensor). 
Sign.,.! is clean if AM [Ace,_ Y.., , (k)) < Motion_Threshold and the signal is com,pted by 
motion otherwise. If the signal is clean calcula1e the Heart Rale from peak-10-pe,1.k imervals , 
or.her-wise go to step 2.2. 
2.2. If the signal is oorrupted check if the movement is pseudo-periodic (e.g. during walk. jog, 

run) <>r n<>n-periooic (e.g. any !ll!l@m movement¥! 
The assumption is when moveme nt is pseudo-periodic the accelerometer data should 

comprised o f a fundamental frequency component and harmonics of the fundamental 
frequency at its double and third frequency band. This means lhe ral io oflhe first bannonic to 

the fundamental frequency should be a.Jmost 2 and I.be s econd harmonic to the f1u1damental 
should be around 3. 

2.2.1. Extract the fundamental frequency component, the I" and 2"" harmonics from 
(e .g .. VFCDM) time-frequency spectrum of accelerometers. The first three 
highest" pe.<u::s in specrrn.l 11..m1.y shoulrl rer~enr rhe fnnrl11.menr!1.11 1"' :rnrl rd 
hannonics as long as the movement is pseudo-periodic. 

2.2.2. Calculate the ratio of the extracted !st 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.~.3. If the monment is pseudo-periodic do the Stages 3-5 (See Table 2 aJ1d FIG. 
38). otherwise go to Stage 6 (See Table 3 and FIG. 3C). 
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TABLE 2 

Stages 3-5 

Stage 3. Spectral filtering (see FIG. 3B) 
3.1. Asswne HR to be in the frequency range of (0.5 Hz-3 Hz], this accow,ts for both low and 
high heart rates. 
3.2. The first highest three peaks a.nd 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 o f movement) 
of tl1e accelerometeis· spectra is usro for motion i!rtifact detection in Stage 4. 

Stage 4. Motion AJtifact Detection (see FIG. 38) 
4 .1. Cornp3!e the frequencies of the three peaks in the PPG spectrom with the frequency of 
the l11rgest pe.,k in the !'ICCelemmeters· spectr.<t. If the first or secon.-t largest p~k.s in the PP\J 

spectrum are similar to that o f 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 o r second largest peak) i11 the PPG spectnun should be discarded. 

Stage 5. Heart Rate Tracking and Extraction from PPG Spectnun (see FIG. 3B) 
Csse (!) : From 3. 1- if the spectn1m is corrupted by movement 20d o nly the first lsrgest 
peak is corrupled, 
then the HR frequency should be the frequency of the second peak in the spectrum. 
Case (2): From 3. I- if the spectnlm is corrupted by movement and both the first and second 
largest peaks have similar frequencies to those of the accelerometers' peaks, then I.he HR 
frequency should be the frequency of the third peak in the spectnnn. 
Case (3): Due 10 a gap between the pulse oximeter aod a subject's skin, the HR frequency 
cannot be extracted from the spectnnn and in this case the previous HR frequency is used or 
for offii.nc:: iwpl~mt:-11lalio11 a. cubic ~plinc::- iut~rpolstio11 OUI be applfod lo fill in the; m~ing HR 
informstion. 

TABLE 3 

Stage 6 

Stage 6. Adaptive Baodpass Filtering (non-periodic movements) 
(see FIG. JC) 
When the movement is ra.'ldom and non-periodic it is difficult or 
not possible to identify HR trace from time-frequency spectnun 
(for example if stage 5 is not applicable). In this = 
which may happen more often, a new procedure is adopted that is 
called adaptive bandpass filtering. The assumption here is that HR 
does not deviate more than IO bpm from the average of 
previous m HR values within 2 seconds. 
6.1. Set averaging w i11dow length to m (e.g. m = 5) and calculate 
theo.,·erage of m:ent m e,;timated HR values. 

I "' 
HR.-, = - " HR(k - j ) mL.... 

jal 

Where k is the current window. The window length m - 5 shottld 
only be used for up to JO seconds of consecutive motion artifact 
conupted datapoints. If motion com1pted 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. 
Fc ...,g= [HR,...,,, - 10, HR,,..,,.+ 10]/60/Fs/2 
Design a bandpass filter of order 4 with cutoff frequency CFc_,,QB). 
Apply the filter on the PPG segment. 
6.3. Calculate HR from peak-to-peak intervals of the fi11ered 
data segment obtained from 6.2. 
Take the average of the i.nstantaneous HR as estimated HR value 
a.t wmdow k. 

As disclosed in Stage I of Table 1, the time-varying 
spectral analysis of FIG. 3Amay inclttde pre-processing the 
heart-related signal (306) to produce a pre-processed heart-

30 related signal. The pre-processing (306) may include filter­
ing the heart-related signal to produce a filtered heart-related 
signal. 111e 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 sampli11g 

35 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. TI1e pre-processing (312) may 
include filtering the motion signal to produce a filtered 

40 motion signal. The pre-processing (312) may further include 
down-sampling tbe filtered motion signal, tbe down-sam­
pling being at a sampling rate less than an original sampling 
rate, to produce a down-sampled, filtered motion signal. 

As further disclosed in Stage 1 of Table 1, the time-
45 varying spectral analysis of FIG. 3A may include computing 

a first tin1e-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. According to 

so some embodimeuts, filtering and down-sampling of the 
bean-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 interchange­
ably herein as tbe first TFS computed) and the second TFS 

55 (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 eacb including a 
respective time-varying amplin1de or power distribution 

FIG. 3A is a flow diagram (300) of an example embodi­
ment of a method for a time-varying spectral analysis and 
movement classification, as disclosed in Stage 1 (t ime­
varying spectral analysis) and Stage 2 (movement classifi­
cation), respectively, in Table 1, for reconstructing tbe 
representation. 1l1e method may star1 (302) and the time- 60 

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 hean-related signal that 

with respect to time and frequency. 
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 
time-frequency technique, such as a variable frequency 
complex demodulation (VFCDM), disclosed in U.S. Pat. 

65 No. 8,388,543 B2, incorporated herein in its entirety by 
refe rence, may be used for computing the first TFS (308), 
that is, a TFS of the PPG signal, and the second TFS (314) , 

is a PPG signal and a motion signal that is an accelerometer 
signal, respecrively. 
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that is, a TFS of the accelerometer signal. However, it should 
be understood that any suitable ti111e-frequency technique 
may be used, such as a smoothed pseudo wigner-ville 
method, or a wavelet based method. 

As disclosed in Stage 2 of Table 1, classifying the 5 

classification of the movement (316) in FIG. 3Amay 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 uf the mutiun dett:l:tur sensor, suc..:h as a type uf the JO 

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 

15 
Stage 2 of Table 1. 

Iu an event the movement classification (316) ofFIO. 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 altematively, the filtered, 20 

down-sampled heart-rate signal, may be computed (318) and 

16 
classification of the movement is random, the method of 
FIG. 3A continues lo the method of FIG. 3C, disclosed 
below. 

FIG. 38 is a flow diagram (330) of an example embodi­
ment of a method for spectral filtering, motion artifact 
detection, and heart rate tracking and extraction, as disclosed 
in Stages 3, 4 , and 5, respectively, of Table 2, for recon-
structing the representation. The reconstrncted representa­
tion may be referred 10 herein as a current reconstructed 
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, tbe method ofFIG. 3A 
may continue with the method of FIG. 38. 

The method of FIG. 38 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. 38 may be perfonned for each point in time of the 
first TFS and the second TFS. According to one embodi-
ment, the pre-detennined number N may be 3. The candidate 
spectral peaks retained may be based on having correspond-
ing frequencies w ithin a given frequency range. The candi­
date spectral peaks may be N peaks in the given frequency 
range that have highest amplin1de or power values relative 

the reconstructed representation HR(k) may be based on au 
average value o f peak-to-peak intervals (320) in the pre­
processed heart-related signal, and the method thereafter 
ends (325) in the example embodiment. 25 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 

In an event the movement classification (316) indicates 
that the movement does rise to the level causing the motion 
arti facts (323), classifying the classification of the move­
ment may further include detenuin.ing (324) whether the 
movement is either a pseudo-periodic movement or a peri- 30 

odic movement, versus a random movement, as disclosed in 
Stage 2 of Table J. 

With reference to Stage 2 of Table 1, in determining 
whether the movement is either the pseudo-periodic move­
ment or the periodic movement, versus the random move- 35 

ment, 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 an1plitude values relative 40 

to other peaks io the secood TFS at the point in time. The 
first spectral peak may be a largest spectral peak amongst the 
first, second, and third spectral peaks. 

In determining whether the movement is either the 
pseudo-periodic movement or the periodic movement, ver- 45 

sus the random movement, the method may compute a first 
ratio of the second frequency identified to the first frequency 
identified. The method may detennine a first comparisoo 
result by comparing the first ratio computed to a first ratio 
value. TI1e method may compute a second ratio of the third so 
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- 55 

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, 60 

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. 

In an event the classification of the movement is periodic 65 
or pseudo-periodic, the method of FIG. 3A may continue 
with the method ofFlG. 38, disclosed below. Jn an event the 

TFS. TI1e 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. 

Oased on the detennioation (336) that no peak is present, 
the current reconstructed representation HR(k) may be based 
on a prior reconstrncted representation HR(k- 1) (340), the 
prior reconstructed representation HR(k-1) associated 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. 

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. 

In an event the discarding (338) discards each of the 
candidate spectral peaks retained, reconstructing the current 
representation HR(k) may be based on the prior recon-
structed representation, HR(k- 1) (340), and the method 
thereafter ends (354) in the example embodiment. 

In an event the first discarding (338) results in at least one 
remaining candidate spectral peak retained, reconstructing 
the current representation may further include second dis-
carding (348). The second discarding (348) may discard 
remaining candidate spectral peaks, of the at least one 
remammg candidate spectral peak retained, based on 
whether a corresponding frequency of the at least one 
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remauung candidate spectral peak retained is distanced to production of the heart-related signal 41 Oc and the motion 
(346) by at least a frequency difference lb.resbold, such as IO signal 411c. Alternatively, the apparams may be coupled to 
bpm, from a prior reconstnicted representation's frequency, a database (not shown) storing representations of the heart 
that is, a frequency associated with, for example, HR(k-1 ). related signal 410c and the motion signal 411c, and the 

Based on each at least one remaining candidate spectral 5 reconstructing and the outputting may be performed in 
peak retained having been discarded by the second discard- non-real-time with respect to production of the heart-related 
ing (348), reconstmcting the current representation may be signal 410c and the motion signal 414c. 
based on the prior reconstmcted representation HR(k-1) The heart-related signal 410c may include raw heart-
(350), and the method thereafter ends (354) in the example related signal data that includes the raw heart-related signal 
embodiment. JO <lala 410a an<l the raw hearl-rdate<l signal data 410b pru-

Based on at least one last candidate spectral peak remain- d ed b b. t · ( 1 h ) that th uc y 1ome nc sensors no s own sense e 
ing from the second discarding (348), reconstructing the 
current representation may be based on a selected candidate heart-related signal data 410a and the raw heart-related 
spectral peak (352). The selected candidate spectra] peak signal data 410b from sensing locations (not shown) on a 
may be selected from amoogst the at least one last candidate 15 first user 406a and a second user 406b, respectively. The 
spectral peak remaining having a closest corresponding motion signal 4Ilc may include raw motion signal data that 
frequency to the prior reconstructed representation's fre- includes the raw motion signal data 411a and the raw motion 
queocy relative to respective frequencies of each of the at signal data 411b from motion sensors (not shown). The raw 
least one last candidate spectral peak remaining, and the motion signal data 411a and the raw motion signal data 411b 
method thereafter ends (354) in the example embodiment. 20 may represent motion artifacts in the heart-related signal 

As disclosed above with regard to FIG. 3A, in an event the data 410a and the raw heart-related signal data 410b, respec-
classification of the movement (316) is random, the method tively. 
of FIG. 3A may continue with the method of F]G. 3C. It should be understood that the raw heart-related signal 

FIG. 3C is a flow diagram (330) of an example embodi- data 410a-b and the raw motion signal data 411a-b may be 
ment of a method for adaptive bandpass filtering of non- 25 sent to the apparatus 420 in any suitable way. For example, 
periodic movements, that is, random movements, for recon- the raw heart-related signal data 410a and the raw motion 
structing the representation, as disclosed in Stage 6 of Table signal data 411a may be sent in a payload of a packet; 
3. The method of FJG. 3C may start (362) and compute an alternatively the raw heart-related signal data 410a and the 
average value of a number m of prior reconstructed repre- raw motion signal data 411a may be sent in payloads of 
sentations outputted prior to the reconstructing (362). The 30 different packets. Similarly, the raw heart-related signal data 
number m may be based on a durntion of consecutive motion 410b and the raw motion signal data 411b may be sent in a 
artifacts, detected prior to the reconstructing of the repre- payload of a packet; alternatively, the raw heart-related 
sentation HR(k). For example, if motion artifacts were signal data 410b and the raw motion signal data 411b may 
detected for wi.odows k-1 , k-2, and k-3, m n1ay be under- be sent iii payloads of differe,it packets. 
stood to be 3. 35 Tile user 406a may be at a gym where the user 406a is 

The method may compute a bandpass filter cutoff fre- exercising, and such physical activity by the user 406a may 
queocy (366). The cutoff frequency may be based on the cause motion artifacts in the raw heart-related signal data 
average value computed HR,,,as:g· The method may filter the 410a. 111e user 406b may be in a different location, such as 
pre-processed heart-rate signal (306), disclosed in FIG. 3A, a hospital. The user 406b may perform movements out of 
above, by applying the band pass filter computed (368) to 40 boredom, such wrist shaking, causing motion artifacts in the 
produce a filtered, pre-processed heart-related signal. The raw heart-related signal data 410b. As such, the correspond-
reconstructed representation HR(k) may be based on an ing motion artifacts may be suppressed in the reconstructed 
average peak-to-peak interval value (372) of the filtered, representations 414a and 414b of the heart-related signals 
pre-processed heart-rate signal, and the method thereafter 414a and 414b, respectively, according to embodiments 
ends (374) in the example embodiment. 45 disclosed herein. The reconstructed representations 414a 

FIG. 4 is a block diagram of an example embodiment of and 414b, or information derived therefrom, may sent to 
a system (400). The system iDcludes aD apparatus 420 for biometric devices or other devices communicatively 
reconstructing a heart-related signal 410c output by a bio- coupled to the network 401 the user 406a and 406 may have 
medical sensor (not shown). The apparatus 420 includes a access to such device, respectively. Alternatively, the recon-
reconstn1ction m1it 416 and rui output unit 418. The recon- so structed representations 414a and 414b, or i11fonnation 
struction unit 416 may be configured to produce a recon- derived therefrom, may sent in any suitable manner to 
structed representation of the heart-related signal 414c. The another device communicatively coupled to the network 401 
reconstructing may be based on (i) a time-varying spectral such thai the reconstructed representations 414a and 414b, 
analysis of the heart-related signal 410c and a motion signal or infonnation derived therefrom, may be accessible to a 
411c, the motion signal 411c output by a motion sensor (not 55 third party, such as doctor, or any other suitable party. 
shown) and represeDtative of motion artifacts in the heart- FIG. 5 is a block diagram 500 of an example embodiment 
related signal 410c, the motion artifacts being signal arti- of au apparatus (520) for reconstructing a heart-related 
facts produced by movement of the biomedical sensor (not signal 510 output by a biomedical sensor 508. The apparatus 
shown) relative to a sensiug location (not shown), and (ii) a 520 includes a reconstruction unit 516 and an output unit 
classification of the movement. The output unit 418 may be 60 518. The reconstruction unit 516 may be configured to 
configured to output the reconstructed representation of produce a reconstructed representation of the heart-related 
heart-related signal 414c. signal 514. The reconstructing based on (i) a time-varying 

The apparatus 420 may be communicatively coupled to a spectral analysis of the heart-related signal 510 and a motion 
network 401 to receive the heart related signal 410c and the signal 511, the motion s ignal 511 output by a motion sensor 
motion signal 411c. The network may be a wireless network 65 509 and representative of motion artifacts in the heart-
or any other suitable network. The reconstructing and the related signal 510. The motion artifacts may be signal 
output1ing may be perfom1ed in near real-time with respect artifacts produced by movement of the biomedical sensor 
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508 relative to a sensing location (not shown), and (ii) a 
classification of Lhe movement. 

20 
L. Moses, Introduction to Spectral Analysis. 1997: Prentice 
Hall). Thus, a dominant speclrdl peak can lead Lo an esti­
mated spectrum that contains power in frequency bands 
where there should be no power. However, both problems 

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 reconstnicting and the 
outpuning may be performed in real-time with respect to 
production of the heart-related signal 510 and the motion 
signal 511. 

5 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-

The apparatus 520 may be a wearable device, such as a 
smartwatcb, or any other suitable device, such as a wearable 
personal biometric monitoring device. The apparatus 520 
may have a user interface (not shown) to present the 
reconstrncted representation of the heart-related signal 514 

10 quency to, for example 1!4 of it, that is, down-sample the 
signal, and then apply a periodogram method with frequency 
resolution of 0.001. 

Embodiments disclosed herein may limit the spectrum to 
the heart rate frequency range of[O.S Hz-3 Hz], as disclosed 
above with reference to FJGS. 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 

or information derived therefrom, such as a characteristic, 15 
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 iuterface. 

Accordiug to one embodiment, the apparan1s 520 may 
include a heart rate unit (not shown) configured to employ 
the reconstructed representation of the heart-related signal 
514 to determme a heart rate estimate. According to another 
embodiment, the apparanis 520 may include an arterial 25 
oxygen sanuation (Sp02) unit (not shown) configured to 
employ the reconstructed representation of the heart-related 
signal 514 to detenuine a Sp02 estimate. According to yet 
another embodiment, the apparatus may include an ailment 
urut (not shown) configured to employ the reconstructed 30 

representation of the heart-related signal 514 to detect or 
predict a heart-re lated ai lment, the heart-related ailment 
including at least one of a heart rate variability (HRV) 
condition, an atrial fibrillatiM condition, a congestive heart 
failure condition, and a tachycardia condition. Jt should be 35 

understand that any combination of the heart rate unit, Sp02 
urut, and ailment unit may be included in the apparan1s 520 

20 always the dominant frequency component in the tinJe­
varying power spectrum, thus, the highest peak of the 
spectnun corresponds to the HR frequency. Thus, when 
movement happens the dominant component can be 

in combination with any other units disclosed herein. 
SpaMA Results 
According to embodiments disclosed herein, HR recon- 40 

struction 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- 45 
sponding windowed data segment of the respective signal. 
According to embodiments disclosed herein, by comparing 
time-varying spectra of tbe PPG and accelerometer data, 
those frequency peaks resulting from motion artifacts may 

replaced by movement components which shift the HR to 
the second or third peak in the spectrnm. 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. 

Embodiments disclosed herein may be further based on an 
understanding that there is coherence between a spectral 
peak in the PPG m1d the accelerometerS' spectra that signi­
fies a motion noise artifact in the PPG signal and that peak 
should be discarded in the FIR reconstrnction. After dis-
carding these movement peaks in the spectnim, the next 
highest peak that is closest to the estimated HR of the 
previous window may be chosen at each window. By 
reconstmcting 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 
the HR frequency. That is, the time-domain signals may be 
reconstructed from the time-frequency domain. 

The SpaMA method was applied to three different data-
sets and 4 types of activities. The three different datasets 
included: I) training datasets from the 2015 JEEE Signal 
Processing Cup Database recorded from 12 subjects while 
performing treadmill exercise from 1 km/h to IS km/h; 2) 

be suppressed from the PPG spectrum. so 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 IO min recordings from IO subjects during tread­
mill exercise. 

According to some embodiments, the method may be 
comprised of six stages, such as the six stages disclosed 
above in refereoce to FJGS. 3A-F. According to anoiher 
embodiment the method may have five distinct stages: (I) 
time-varying power spectral density (PSD) calculation, (2) 55 

spectral filtering, (3) motion artifact detection, ( 4) HR 
reconstruction and (S) signal reconstructioo. 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 60 

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). 

Tue simplest way to approach the PSD calculation may be 
to employ a periodogram. However, a periodogra.m has 65 
drawbacks in that it is an inconsistent spectrum estimator, 
has hjgl1 variance, and has leakage effects (Stoica, P. and R. 

Electrocardiogram (ECG) signals from all three datasets 
provided the reference HRs which were used to determine 
the accuracy of the SpaMA method. The perfonuance oftbe 
SpaMA method was calculated by computing the mean 
absolute error between the estimated HR from the PPG and 
the reference HR from the ECG. 1l1e average estimation 
errors using the Spa MA method on the first, second and third 
datasets are 0.89, 1.93 and 1.38 beats/mm respectively, 
while the overall error on all 33 subjects is 1.86 beats/mm 
and the perfonnance on only treadmill experiment datasets 
(22 subjects) is J .JI beats/min. Moreover, it was found that 
dynamics of heart rate variability (HRV) can be accurately 
captured using the SpaMA method where the mean Pear-
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son's correlation coefficient was found to be 0.98 between 
the power spectral densities of the reference and the rec011-
structed heart rate time series. These results show that the 
SpaMA method has a potential for PPG-based HR monitor­
ing in wearable devices for fimess tracking and health 5 

monitoring during intense physical activities. 
Embodiments disclosed herein not only provide PPG 

signal and HR reconstruction but also the potential 10 do 
heart rate variability analysis on tbe results. As disclosed 
below, embodiments disclosed herein can outperfom1 the JO 

JOSS technique in heart rate estimation by providing less 
error to the reference, which yields higher accuracy. 

Embodiments disclosed herein were evaluated on three 
different datasets. The first two datasets were provided for 
the IEEE Signal Processing Cup and are publically avail- 15 

able. The three datasets are: I.) 12 PPG training datasets 
(running on treadmill) from an IEEE signal processing 
competition (Available from: hnp://www.s ignalprocessing­
society.org/spcup2015fmdex.html) which was initially used 
in (Zhilin, Z., P. Zhouyue, and L. Benyuan, TROIKA: A 20 

General Framework for Heart Rate Monitoring Using Wrist­
Type Photoplethysmographic Signals During lotensive 
Physical Exercise. Biomedical Engineering, IEEE Transac­
tions on, 2015. 62(2): p. 522-531 ; Zhang, Z., Photoplethys­
mography-Based Heart Rate Monitoring in Physical Activi- 25 

ties via Joint Sparse Spectmm Reconstmction. Biomedical 
Engineering, IEEE Transactions on, 2015. PP(99): p. 1-1 , 2.) 

22 
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 arc 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. Further 
details of this study's databases are given in Table 4, below. 
Four types of activities were involved: 

Typt: (!): a<.;livity invulvt:<l walking ur running un a 
treadmill for intervals of0.5 min-1 min-1 min-I min-I 
min-0.5 min with speeds of 1-2 km/h, 6-8 km/h, 12-15 
km/h, 6-8 km/h, 12-15 km/h, 1-2 km/h, respectively. 
The subjects were asked to purposely move the hand 
with the wristband to generate motion artifacts. 

Type (2): activity included various foreann and upper arm 
exercise which are conunon arm motions (e.g. , shaking 
hands, stretching, pushing objects, running, jumping, 
and push-ups). 

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

Type (4): activity involved I min rest, I min walking (3 
mph), 1 min rest, 2 min jogging (5 mph), 1 min rest, 2 
min mnning (7 mph), I min rest, I min arbitrary 
movement. The ECG-based reference HR was recorded 
in order to assess the performance of the methods under 
test. 11 PPG test datasets (e.g., arm exercise) from the IEEE 

signal processing competition and 3.) JO PPG recordings 
from the Choo lab (running on treadmill). 

(1) IEEE Signal Processing Competition Training Data­
set: A single-channel PPG signal, a three-axis acceleration 
signal, and an ECG signal simultaneously recorded from I 2 
Asian male subjects ranging in age from 18 to 35. For each 
subject, the PPG signal was recorded from their wrist using 

In sunuuary, the first dataset includes only Type (1) 
30 activities, the second dataset includes both Type (1) and (2) 

activities, and tbe third dataset includes only Type (4) 

a pulse oximeter (PO) with green LED (wavelength: 609 35 

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 wristband, which 
was comfortably worn. The ECG signal was recorded from 
the chest and it is used as the reference heart rate. All signals 40 
were sampled at 125 Hz. 

(2) IEEE Signal Processing Competition Test Dataset: 
The dataset consists of 11 five minute recordings which were 
collected from 19 to 58 year old subjects performing inten­
sive ann movements (e.g. boxing). For each subject, PPG 45 
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 accelerom­
eter. Both the PO and the accelerometer were embedded in 
a wristband. An ECG signal was recorded simultaneously SO 
from each subject's chest using wet ECG sensors. All signals 
were sampled at 125 Hz and sent to a nearby computer via 
Bluetooth. 

(3) Chon Lab Dataset: This dataset was recorded in the 
Chon Lab from 10 healthy subjects (9 male/I female), with 55 

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 accelera­
tion signal was also reco rded from each subject's forehead 
using a three-axis accelerometer. Both the pulse oximeter 

60 and the accelerometer were embedded in a headband 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 of3, 5 and 
7 mph, respectively, for 9 min. At the end, all experimental 65 

subjects were asked to perfonn random arbitrary movements 
for I min. 

activities. 

TABLE 4 

PPG Datasets and Experiments Senine.s 

Activity 
Subject 0 1113Set Type 

2 
3 
4 

5 
6 
7 
8 
9 

10 
II 
12 
13 
14 
15 
16 
17 
IR 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

32 
33 

I (IEEE Type (1) 
Cup) 

2 (IEEE Type (2) 
Cup) 

Type (3) 

Type (2) 
Type (3) 

Type (2) 
3 (Chon Type (4) 
Lab) 

Pulse Ox.imeter Type 
Subjec1·s 
Age/Se" 

Wrist: green LED 18-38 y 
(wavelength: 609 run) (All Male) 

Wrist: green LED 19-58 y 
(wavele!igth: 515 run) (9 MAie. I 

Female) 

Forehe..d: Red a.nd 26-55 y 
Infrared LED (9 Male. I 
(wavelength: 660 nm. female) 
940 run) 
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An example embodiment for reconstrncting a heart-re­
lated signal <luring intensive movements is d isclose by the 
HR monitoring method presented below in Table 5. Details 
of each stage are described in subsections i to v. 

seconds. The 8 second data segment and a shift of2 seconds 
was chosen to compare results according to embodiments 
disclosed herein to other methods (TROIKA, JOSS and 
WFPV) which have used this chosen data segment length 

TABLE 5 

HR ai,d PPG signal reconstruction method 

Stsge I. Time-Varying Spectrsl 8.llalysis 
I.I. Down ssmple the PPG and Accelerometer signal to 20 Hz. 
1.2. Compute llie power spectral density of boll, PPG a,,d 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 ra1es. 
2.2. The first highest three peaks and their correspondii,g frequencies in the PPG filtered 
spectrum :u-e assumed to hsve HR information. 
2.3. Only the largest frequency peak of the accelerometers spectra is used for MA detection in 
stage 3. 

Stage 3. Motion Artifact Detection 
3.J. Compare the frequencies of the three peaks in the PPG spectrum with the frequency of the 
l"'!;<'Sl pe>k in the accelerometers· spectra If the first or second l,,,gest pe.Jcs in the PPG 
spectrum are similar to that of the sccelerometers· peaks, then motion artifact is present in the 
PPG. 
3.2. If motion artifact is detected from 3.1 , then the corresponding frequency pe>k (usua lly the 
fir$( or second l,,,gest pe>k) i11 the PPG spectrum shou ld be discarded. 

Stage 4. Hean R.ste Tracking and Extraction from PPG Spectrum 
Csse (I): From 3.1- if the spectrum is corn,pted by movement and o n.ly the first largest pe>k is 
conupted, then the HR frequency should be the frequency of the second pe.'l.k in the spectrum. 
Case (2): From 3. I- if the spectrLUD is corrupted by movement and both the first and second 
largest peaks have similar frequencies to tl1ose of the aocelerometers' peaks, then the HR 
frequency should be the frequency of the third peak in the spectrum. 
Case (3): Due 10 a gap between the pulse oximeter and a subject's skin, the HR frequency 
cannot be eAtracted from the spectrum and in this case the previous HR frequency is used or 
for oOlioe implementation ._ cubic spline interpolation can be applied to fill in the missing HR 
information. 

Stsge 5. PPG Signal Reconstruction 
5.1. The J>J>(j 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 ,u esch window. 
Heart Riue Variability Al!a!~is 
By using a sample-by-sample windowing strategy. HR can be extracted. from which dynamics 
of heart rate variability analysis can be oblained on the motion srtifact-removed recoostmcted 
HR t ime series. 

l. Time-Varying Spectral Analysis of PPG and 
Accelerometer Data 

Embodiments disclosed herein may produce a time-vary­
ing spectrnm 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 yie lds a time-frequency matrix in which each array 
represents the power of the signal corresponding to a spe­
cific frequency and sl iding time-step (shift) of S-sec. The 
sliding prncess 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 variabil ity, data 
may be shifted sample-by-sample with no overlap for the 55 

entire dataset. Such an approach enables capturing beat-to ­
beai dynamics of HRV which requires sample-to-sample 
estimation of PSD. Since some data is down-sampled data to 

and time shift (Zhilin, Z., P. Zhouyue, and L. Benyuan, 
40 TROIKA: A General Framework for Hean Rate Monitoring 

Using Wrist-Type Photoplethysmograpbic Signals During 
Intensive Physical Exercise. Biomedical Engineering, IEEE 
Transactions on, 2015. 62(2): p. 522-531 ; Zhang, Z., Pho-

45 toplethysmography-Based Heart Rate Monitoring in Physi­
cal Activities via Joint Sparse Spectrum Reconstrnction. 
Biomedical Engineering, IEEE Transactions on, 201 5. 
PP(99): p. 1- l ). Moreover, the assumption of 8 second data 
length largely stems from the fact that heart rates do not 

so change instantaneously, hence, an 8 second duration is a 
reasonable choice. 

As a representative example, the resultant frequency 
components in the time-frequency matrix of recordings 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. 

FIGS. 6A-6C show lime-Frequency spectra of reco rding 
#8 from dataset (1). 

20 Hz in some of the database, as disclosed above, each data 
point may be shifted by 0.05 seconds. For estimating only 60 

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 Jess computational cost and it can 
provide good tracking of heart rates, but does not apply well 

FIG. 6A shows the PPG signal. 
FIG. GB shows the simultaneous Accelerometer-Z s ignal. 
FIG. 6C (fop-Left) shows the TF spectrum of the PPG 

signal. FIG. 6C (fop-Right) shows the TF spectrum of 
ACC(x). FIG. 6C (Bonom-Left) shows the TF spectrum of 
ACC(y). FIG. 6C (Bonom-Right) shows the TF spectmm of 

to HRV. 
As such, according to some embodiments, a window 

segment length T may be set 10 8 seconds and shifted by 2 

65 ACC(z); all computed from stage (1) of Table 5. The blue 
circles and letters represent movement elements in all four 
spectra. 
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Toe panels of FIG. 6A and FIG. 68 show a PPG time 
series a.11d the z-axis accelerometer data, respectively. Fro1u 
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 5 

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 
t:xaclly lht: samt: an:as among all spt:clrn. By comparing lht: JO 
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 

15 
marked in circles. Hence, both the top and bottom marked 
lines in the PPG spectrum most likely represent the motion 
arti facts, and the unmarked frequency represents the HR. 
The next section details bow these motion artifact frequency 
dynamics may be detected and filtered according to embodi- 20 

meats disclosed herein. 

ll. Spectral Filtering 

After obtaining the power spectral density at each win- 25 

dow, as disclosed above, embodiments disclosed herein may 
confine the HR frequency to the range (0.5 Hz-3 Hz), which 
takes into account hoth 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 30 

this HR frequency range as they are most likely due to 
motion artifacts or harmo nics of the FlR frequency. 

lo general, HR frequency in the power spectral density of 
PPG at each window can have three d ifferent scenarios: (I) 

35 
PPG is devoid of MA and there is no 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 40 
during recording. For the ideal case (.I), 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 45 

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 auto­
regulation under broadband forcing conditions. Ann Bio med so 
Eng, 1993. 21 (6): p. 591-603). lbeonly scenario that makes 
it difficult to extract HR from the spectrum is scenario (3) 
when there is a spatial gap between ihe PPG sensor and ihe 
subject's skin during recording. In this scenario, assuming 
that the motion artifacts are short lasting, the missing HR 55 

values can be interpolated using a cubic spline approach. 
FIG. 7 is an example embodiment of spectral filtering. 

FIG. 7 shows a representative filtered time-frequency spec­
tral plot of a PPG signal. As disclosed above, embodiments 
disclosed herein may retain onJy the three largest frequency 60 

peaks at each time point within the defined HR range 
(30-180 bpm) and such retained frequency peaks are repre­
sented as blue, green and red colors, respectively. Retaining 
only the three largest frequency peaks at each time point 
may be reasonable for the first !\YO cases, as ourlined above. 65 
In the PPG time-frequency spectrum of FIG. 7, the Blue, 
Green and Red circles correspond to the first three highest 

26 
peaks in the defined HR frequency range of (30-180 bpm), 
respectively, at each sliding window. 

Ill. Motion Artifact Detection 

FIGS. 8A-8B show motion artifact detection in the PPG 
spectrum according to embodiments disclosed herein. 

FIG. 8A shows a filtered PPG spectrnm with movement 
and HR components. FIG. 8A is an example embodiment of 
a PPG spectmm which is identical to FIG. 7, but it also 
identifies the frequencies associated with accelerometers, as 
marked by the shaded areas and the Jeners A-D, in the top 
left and rwo bonom panels of FIG. 6C, disclosed above. The 
shaded yellow elements (A, B, C, D) of FIG. 8A represent 
motion frequency components in the PPG spectmm, and the 
light blue line is the reference HR from a clean reference 
ECG signal. By removing the accelerometers' related fre­
quencies in FIG. 8A. the remaining frequency dynamics 
which should represent HR frequency and its harmonics are 
shown in FJG. 88. 

FIG. 88 shows a filtered PPG spectmm after removing 
motion artifact frequency components. 

N. Heart Rate Tracking & Extraction 

A flow diagram for heart rate tracking and extraction is 
disclosed above, with reference to FIG. 38. Embodiments 
disclosed herein may identify HR frequencies with time, 
such as HR frequencies from FIG. 88. Note that in FIG. 88, 
there are three peaks at each time instance (also referred to 
interchangeably herein as a time point). Embodiments dis­
closed herein may identify which of the three peaks repre­
sents the HR at each time point. For the initial time window 
of 8 seconds, a clean data segment may be used so that true 
IJR can be determined. 111.is scenario is case (I), disclosed 
above, in the spectral filtering section, and the detection of 
HR is simply the highest peak in the spectrnm. Embodi­
rnents disclosed herein may estimate FIR 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. 

In case (1), where HR is not detectable in the window 
(e.g., due to spatial gap betwe:.-en 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 oflline process­
ing, 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 f1mdamental frequency, 
(2-8 ) the windowed PPG signal is corrupted by movement 
and at most l\vo of the spectral peaks represent the accel­
erometers' 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, embodi­
ments 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). 
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According to embodiments disclosed herein, criterion 
may be set that the HR value cannot change more than JO 
8PM from a previous time window. ln FJG. 88, these cases 

28 
shown in FIGS. lOA-8) from the MA-contaminated PPG 
signal for dataset #8. Note that for computing I-IRV, match­
ing the amplitude of the reference HR is not a concern, as the 

are illustrated. For example, in most cases, the blue circle 
which represents the largest spectral peak is chosen but in 5 

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 e ither the first rwo highest peaks 
are related to accelerometers or the highest magnin1de peak 10 

deviates more than JO 8PM from the previous HR value. 

focus is only in the dynamics of the fluctuations in the heart 
rates. 

FIG. llA shows a time-domain comparison of a recon­
structed HR and a reference HR. 

FIG. 118 shows a spectral comparison of heart rate 
variability between reconstructed HR and reference HR 
cakulalt:<l from Lht: rt:ft:rt:nct: ECG using Pan & Tompkins 
peak detection approach (Pan J, T. W A real-time QRS 
detection algorithm. IEEE Trans Biomed Eng, 1985. 32(3): 

FIG. 9 shows a comparison of reconstructed FTR 
obtained, according to embodiments disclosed herein, to 
reference HR obtained from simultaneous ECG recordings. p. 230-236) . 

In FlG. 9, the extracted HR (red color) from PPG spectra of 15 

recording#& from the competition training dataset, accord­
ing to embodiments disclosed herein, is shown in red color 
and the reference ECG-derived HR is shown in black color. 

Results 
FIG. llC is a "Spal\.1A Method Performance Compari­

son" table, Table 6, also referred to interchangeably herein 
as Table 6. Table 6 represents the average absolute error (El) 
and the average absolute error percentage (E2) of embodi-In order to calculate the per.fom1ance of FIR reconstruction 

according to embodi1nents disclosed herein, the error value 20 

in each t ime window was calculated from the estimated FTR 
ments disclosed herein as applied to all 3 datasets, respec­
tively. Embodiments disclosed herein are compared to three 

to the reference ECG-derived HR. Two measurement indices 
of absolute error similar to the indices in (Krislman, R., 8. 
Natarajan, and S. Warren, Two-Stage Approach for Detec­
tion and Reduction of Motion Artifacts in Photoplethysmo- 25 

graphic Data. Biomedical Engineering, IEEE Transactions 
on, 2010. 57(8): p. 1867-1876) were used. 

methods: T ROIKA, JOSS and WF PV. The results in Table 6 
show that bener performance from embodiments disclosed 
herein as compared to JOSS and TROIKA for all 12 subjects 
in the first datasets. In comparison to WFPV, embodiments 
disclosed herein outperform WFPV on average across all 23 
subjects in both datasets (1) and (2). The total average of El 
for embodiments disclosed herein is less than 2 beats per 
minutes for all 33 subjects. Tue average of E l across the 
treadmill experiment recordings (activity Type I-IEEE 
dataset and Type 4-Cbon Lab dataset) is around 1 beat per 

l w 

Erro~ 1) = W .6 INR¥"-,,. (k) - HR,,1(k)I 
(1) 30 

k• I 

. _ 1 f, IHRs,,..11•(k)- HRref(k)I 
Enu~2) - W L; NR (k) X l ()()<J, 

k•d ref 

(2) 

where W is the total number of windows. 
v. PPG Signal Reconstruction for HRV Analysis 
For an HRV analysis application, the above-disclosed 

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, 
amplin1de and phase changes, window-by-window using the 
sample-by-sample windowing process: 

Rec,,,,-F AHR(k)xsin(2:t1(klfHR(k)-+<pHR(k)) (3) 

where k= l , ... , N and N is number of s ignal samples and 
total number of w indows. AnR(k) and cpHR(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 
frequenc ies. 

FJG. lOA 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 
dataset. The left and right panels of FIGS. lOA-8 show the 
reconstructed PPG versus the original PPG and their HRV 
time series, respectively. 

FIG. 108 is a zoomed-in version of FIG. lOA. 
Given that embodiments disclosed herein estimate quite 

accurate heart rates, it is not surprising to observe similar 
frequency dynamics between the reference and recon­
structed HRV time series, as shown in FIGS. HA-8. 

FIGS. JlA-8 show comparisons of HRV spectra between 
the reference and the reconstructed HRV time series (e.g., as 

minute for all 22 subjects. 
FIGS. 12A, 128, 13A, 138 , 14A, and 148 show the 

reconstrt1cted HR and corresp0nding PSD of a sample-
35 sample windowed IIR, 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 I (e.g., running 
on treadmill) are shown in FIGS. 13A-8. As shown, E l for 

40 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%. 

FIG. 12A shows a reconstructed HR vs. reference HR. 
FIG. 128 shows a spectral comparison of reconstrncted HR 

45 and reference HR (estimated from reference ECG). 
FIG. 13A illustrates the comparison between the recon­

structed HR and the reference HR for Subject #14 (]BEE 
Competition Test Dataset) which has the highest errors. 
Subject # 14 belongs to the second dataset (IEEE Competi-

so tion Test dataset) and Type 2 activities ( e.g. jumping). lt can 
be seen that tbe largest error is obtained when both the 
physiological HR and the motion artifacts change rapidly so 
that the true HR cannot be reliably esiimated. 

FIG. 138 shows a reconstructed HR vs. reference HR for 
55 Subject 16 (]EEE Competition Test Dataset). FIG. l3B 

shows the comparison results of reconstructed HR and 
refe rence HR for recording #16 of the second dataset (]EBE 
Competition Test dataset) which has the Type 3 activities 

60 

(e.g., am1 exercise). 
FTG. 14A shows a reconstmcted HR vs. reference HR for 

Subject #30 (Chon Lab Dataset). FIG. 148 shows a spectral 
comparison of reconstructed HR and reference HR (esti­
mated from reference ECG). The results for recording #30 
from the third datasets (Chon Lab datasets) and activity Type 

65 4 (e.g., running on treadmill) are shown in FIGS. 14A-B. It 
can be seen that the El for this subject is around 0 .6 bpm and 
the correlation between the PSD of reconstructed HR and 
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reference HR is as high as 99% for LF and 0.96 for HF 
frequency mnge. AJI subjects' results are provided in Table 
7, disclosed below. 

Table 7 represents the correlation and statistical difference 
using the student's t-test between PSD of estimated 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 
calcuJated 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, according to embodi­
ments disclosed herein, and a difference was seen in onJy 4 
out of 10 subjects for HF. 

TABLE 7 

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

Correlation 

LF (LF is (0.04-0.15) Hz 9lld HF is 
Subjects (0.15-0.4) Hz) HF 

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 signilkantly dilfcr<Dt (P-valuc > 0.05) 

30 
sive physical act ivities. Embodiments disclosed herein com­
pare spectral cbm1ges in PPG and accelerometer signals. As 
disclosed above, three different datasets have been used to 
verify the SpaMA performance. Each dataset reflects differ-

s ent types of activities and movements. In aJJ of the experi­
ments, the reference HR was calculated from an ECG signal 
that was collected simultaneously with the PPG signal. The 
estimated HR was caJculated from the spectrum of PPG in 
8 second time windows. Based on the results, disclosed 

10 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 o f the reference ECG; 
these results are superior to three other methods tested: 
TROIKA, JOSS and WFPV (ZhiJin, Z., P. Zb.ouyue, and L. 

15 Benyuan, TROIKA: A General Framework for Heart Rate 
Monitoring Using Wrist-Type Photoplerhysmographic Sig­
naJs During Intensive Physical Exercise. BiomedicaJ Engi­
neering, IEEE Transactions on, 2015. 62(2): p. 522-531; 
Zhang, Z., Photoplethysmography-Based Heart Rate Moni-

20 toring in Physical Activities via Joint Sparse Spectrnm 
Reconstruction. BiomedicaJ Engineering, IEEE Transac­
tions on, 2015. PP(99): p. 1-1). 

Out of 33 recordings, 23 are from a wrist puJse ox.imeter, 
and the rest of the data were recorded by a forehead puJse 

25 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 
perfonnance of the method for treadmill experiments (data­
set 1 and dataset 3), the error is lower by almost J beat using 

30 a wrist pulse oximeter. However, it should be noted that 
from Ibis result a conclusion that the wrist PPG provides less 
error than the forehead should not be drawn, as the experi­
ments used different subjects and were two separate studies. 
The prior methods (TROIKA, JOSS and WFPV) were tested 

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 inter­
val, and the number of interval differences of successive NN 
intervals greater than 50 ms divided by the total number of 
NN intervaJs (pNN50) estimated from embodiments dis­
closed herein in comparison to the reference ECG NN 40 

interval. Nooe of these parameters were found to be sign.ifi­
caotly diflerent between those derived according to embodi­
ments disclosed herein and the reference HRV. 

35 using onJy on the wrist-based PPG signals as the imple­
menters of those methods did not have access to forehead 
PPG sensors. The SpaM.\method, according to embodiment 
disclosed herein, was tested on data from both PPG sensor 
locations, and proved to be effective regardless of the 
location of the PPG sensor. 

Several observations were made while analyzing the data, 
disclosed above. The tracking ability of the SpaMA method 
decreased as the frequency changes during recordings 

TABLE 8 

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

SDN mean RMSSD 

Subjects SpaMA Refer.nee SpaMA Refen:nce SpaMA Refen:nc.: 

2620.75 2566.47 10481.89 10480.72 33.24 18.05 
2 2115.44 2079.58 9908.00 10020.00 25.93 t6.32 
3 3173.73 3l77.68 10764.20 10829.06 89.70 56.15 
4 2517.78 2533.20 10376.95 10426.26 13.54 19.58 
5 2654.42 2670.32 10846.04 10990.08 11.88 18.59 
6 2012.53 1974.65 <J737.35 9827.63 39.64 21.17 
7 3056.36 2925.19 12519.74 13134.05 27.66 30.61 
8 3133.76 2756.66 10504.00 10530.00 32.57 36.38 
9 2195.08 2142.53 10499.81 10470.06 8.23 13.01 

10 2454.57 2406.96 12936.62 12981.21 41.52 20.28 
p-v.tlue >0.05 >0.05 >0.05 

As such, the SpaMA method, according to embodiments 
disclosed herein, that may be based on time-varying spectral 
analysis of the PPG signal addresses Hean Rate monitoring 
in the real world with challenges ranging from a subject who 
makes sudden movements but is otherwise sedate, to ioten-

e:-mso 

SpaMA Iwfen:nce 

0.001 0.020 
0.011 0.019 
0.019 0.207 
0.001 0.030 
0.003 O.ot8 
0.004 0.025 
0.015 0.071 
0.002 0.003 
0.002 0.004 
0.006 0.024 

>0.05 

increased. This phenomenon mostly was observed while 
dealing with the second set of datasets from the IEEE 

65 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 
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HR-related frequencies in the spectmm. In the three datasets 
that have been analyzed, recorditigs # 10 Md 14 are 
examples of this phenomenon. 

32 
As disclosed above, accurate estimation of changing 

arterial oxygen salumtion (Sp02) from pbotoplelhysmo­
gram (PPG) signals during movement is a very challenging 
problem. This is because strenuous and high intensity move-A strength of the PPG's LED is one of the most important 

factors determining the SpaMA method performance. Move­
ment induces much Jess spectrum corrnption (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 
ligbt leaking into the gap between a PPG sensor and tbe skin 
surfoct: (Zhang, Z., Phutuplt:lhysmugrnphy-Bast:<l Ht:arl 
Rate Monitoring in Physical Activities via Joint Sparse 
Spectrnm Reconstrnction. 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 

s ments can result in severe motion artifacts (MA), making 
accurate Sp02 estimation from PPG signals difficult. As 
such, embodiment disclosed herein may applied the methods 
for reconstructing a PPG signal, as disclosed above, and 
include an additional stage of Sp02 estimation. 

1 o 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 Sp02 Estimation. 

According to another embodiment, OxiMA. may be com­
prised of 6 stages: (I) lime-frequency Spectral Analysis, (2) 

15 Signal Decomposition, (3) Spectral Filtering, (4) Heart Rate 
(HR) extraction and tracking, (5) Signal Reconstruction, (6) 
Sp02 Estimation. 

of the light from the pulse oximeter to the subject's skin. 
This gap between skin and the planar substrate where tile 
LEDs and PD are mounted may be the result of movement 
during physical activities or the shape of tissue that the 
sensors touch. A.moug tbe three datasets, low performance 20 

for recordings #J 6 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. 

By using the sample-by-sample windowing process, 
SpaMA, according to embodiments disclosed herein, can be 25 
utilized for both Heart Rate monitoring and HRV analysis in 
both frequency- and time-domains. From the results, dis­
closed above, it can be observed that embodiments disclosed 
here are able to replicate both the low frequency (0.04-0.J 5 
Hz) and the high frequency (0.15-0.4) dynamics well, albeit 30 

better the fonner than the l:mer, wben compared to a 
reference HRV. For time-domain HRV measures, the mean 
HR. SDNN, RMSSD, and pNN50 based on embodiments 
disclosed herein were all found to be not significantly 
different than the reference IIRV. Jt has long been shown that 35 

during dynamic exercise, heart rate increases due to both a 
parasympathetic withdrawal and an augmented sympathetic 
activity (lellamo, F., Neural mechanisms of cardiovascular 
regulation during exercise. Auton Neurosci, 2001. 90(1-2): 
p. 66-75; Bernardi, L. and M. F. Piepoli, [Autonomic ner- 40 

vous system adaptation during physical exercise]. Ital Heart 
J 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 intensity on the power spectrum of 
heart rate variability. Eur J Appl Physiol Occup Physiol, 45 
1990. 61(1 -2): p. 143-8; Sarmiento, S., et al., Heart rate 
variability during high-intensity exercise. Journal of Sys­
tems Science and Complexity, 2013. 26( 1): p. 104-116; 
Roure, R., et al., Autonomic nervous system responses 
correlate with mental rehearsal in volleyball training. Eur J so 
Appl Physiol Occup Physiol, 1998. 78(2): p. 99-108). 
Analysis of HRV permits insight into this control mecha­
nism (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 55 

during movement and physical activities wo uld be an advan­
tage for detecting and diagnosing many cardiovascular dis­
eases using only PPG recordings. 

The SpaMA method, according to embodiments disclosed 
herein, can be potentially implemented in real time. The 60 

method wrinen 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 estimating HR 
despite severe motion artifacts, the SpaMA method, accord­
ing 10 embodiments disclosed herein, has the po1ential 10 be 65 
applicable for implementation on wearable devices such as 
smart watches and PPG-based fitness sensors. 

OxiMA 
According to some embodiments, OxiMA may decom­

pose 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, Sp02 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 Sp02 and HR were 
collected simultaneously from the FDA approved Masimo 
SET Radical RDS-I pulse oximeter. The perfonnance of the 
OxiMA method according to embodiments disclosed herein, 
was detennined by computing the mean absolute error 
between the estimated HR/Sp02 from the PPG and refer­
ence HR [Masimo]/Sp02[Masimo] oximeter. The results 
show the average estimation error usi,ig OxiMA are only 2.4 
beats/minute for IIR and 1.8% for Sp02, respectively. As 
such, the OxiMA method has great potential for MA reduc­
tion for both Sp02 and HR monitoring. 

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 T rop Paediatr, 2005. 25( 1 ) : p. 23-7) Arte­
rial oxygen saturation (Sp02) reflects the relative amount of 
oxyhemoglobin in the arterial blood. The most common 
method to measure Sp02 is based on pulse oximetry, 
whereby oxidized hemoglobin and reduced hemoglobin 
have significantly different optical spectra. 

Specifically, at a red wavelength of about 660 um, there 
is a significant difference in light absorbance between 
reduced (Hb) and oxidized hemoglobin (Hb02). A measure­
ment of the percent oxygen saturation of blood is denned 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 magnin1de of the flucniations depends on the 
amoun1 of arterial blood rushing into the peripheral vascular 
bed, the optical absorption oftbe blood, skin and tissue, and 
the wavelengths used to illuminate the blood. The photop­
lethysmogram (PPG) can be used to derive not only the 
Sp02 and heart rate (HR) data, but also other vital physi­
ological infonnation (Laman, M., et al., Can clinical signs 
predict hypoxaemia in Papua New Guinean children wilh 
moderate and severe pneumonia? Ann Trop Paediatr, 2005. 
25( 1): p. 23-7 ; Salehizadeh, S. M.A., et al., Photoplethys-
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unt il the patient is awakened without irreversible physiologi­
cal effects (Maeda, Y., M. Sekine, and T. Tamura, Rela1i011-
ship between measurement site and motion artifacts in 
wearable reflected photoplcthysmography. J Med Syst, 

mograph Signal Reconstmction based on a Novel Motion 
Artifact Deteclion-ReducLion Approi1ch. Pi1rl Molion i1nd 
Noise Artifact Removal. A1mals o f 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. Rl 1-rl 7). As disclosed above, utilizing 

5 2011. 35(5): p. 969-76). 

a pulse oximeter as a multi-purpose vital s ign monitor has 
clinical appeal, since it is familiar to clinicians and com- 10 

fortable for the patient (Salehizadeh, S. M. A., et al., 
Pbotoplethysmograpb Signal Reconstruction based on a 
Novel Motion Artifact Detection-Reduction Approach. Part 
Motion and Noise Artifact Removal. Annals of Biomedical 
Engineering, 2014. 42( 11): p. 2251-2263). 15 

In healthy persons, Sp02 is typically near 98%. A lower 
reading indicates a level of hypoxia. Sp02 readings below 
95% are usually a cause for concern, indicating the need for 
supplemental oxygen therapy. In certain individuals, such as 
those with chronic respiratory or cardiac diseases, Sp02 20 

readings below 95% may be considered normal. However, in 
general, Sp02 readings between 900A',-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 intermittent 25 

hypoxia in humans: effect on ventilation, sleep, and blood 
pressure. J Appl Physiol (1985), 2009. 107(1): p. 17-24). 

As disclosed below, the OxiMA method according to 
embodiments disclosed herein, provides HR reconstruction 
with accurate Sp02 estimation even during movement. The 30 

most recent methods ss noted shove (e.g., TROIKA 8nd 
JOSS) do not show their ability to obtain Sp02 estimates as 
they were mainly designed for HR calculations in the 
presence of inteliSe motion artifacts. 

Tue OxiMA method was evaluated on a lab controlled 35 

dataset that was recorded during voluntary induced hypoxia. 
In an IRB approved study which recrnited 10 subjects, one 
set of data was collected from each subject for a duration of 
22 min. Reference arterial Sp02 and HR were collected 
from the FDA approved Masimo SET Radical RDS-1 pulse 40 

oximeter (mounted on the left hand), while a Nelicor Oxi­
Max sensor (mounted on the right hand) was used to collect 
analog PPG signals, simultaneously, as shown in Table 9 of 
FIG. 14C, disclosed below. 

FIG. 14C is a table, Table 9, that includes PPG datasets 45 

and experiments settings. Each subject sat in a chair and was 
asked to re-breathe into a I-gallon bag four times for 
approximately two minutes each time. During tbe first and 
third time the subject rebreathed into the bag, subjects were 
asked to remain still. During the second and fourth time the so 
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 55 

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 JO. Worcester Polytechnic Insti­
tute TRB approved tbe study protocol and informed consent 60 

was required by all subjects prior to data recording. 
This sequence of data recording allowed us to test the 

efficacy of the OxiMA method while a subject experienced 
different levels of short lasting hypoxia during motion 
artifacts. For reference, other clinical snidies showed that 65 
Sp02 levels in patients suffering from mild to moderate 
sleep apnea can drop to about 800/o for short periods o f time 

Methodology 
The protocol for testing perfonnance of the Ox.iMA. 

method is presented in Table 10. 

TABLE 10 

EXPERIMENT PROTOCOL 

End Tune 
(min) 

2 
4 
5 
7 

9 
10 
12 
14 
15 
17 
19 
20 
22 

Event 

Rest (baseline) 
BAS breAl.hing (moiion) 
Rest (oxygen recovery) 
Resr 
Bag bre.uhing (motion) 
Rest (oxygen recovery) 
Rest 
Bag breathing (no motion) 
Rest (oxygen recovery) 
Rest 
Bag breathing (motion) 
Rest (oxygen recovery) 
Rest 

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

Time-Varying Spectral Analysis of PPG and Accelerom­
eter Dsts 

To compute the time-frequency spectrum, a variable fre­
quency complex demodulation technique was employed. 
Table 11 , disclosed below, presents the OxiMA method, 
according to one e1nbodiment. 

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 the 
fact that Sp02 and heart rates do not change instanta­
neously; hence, an 8 second duration is a reasonable choice. 

TABLE 11 

OXIMA METHOD: HR AND SP02 RECONSTRUCTION 

Stage I. VFC DM Time-Frequency Spectrum 
I. I. Do\\ns..mple the PPG sigt1al to 1.h of the original ssmpling 
frequency. 
1.2. Compute the VFCDM ba.<ed time-frequency spectrum (TFS) 
Stage 2. Signal Decomposition 
2. 1. Oecomriose the PPG signal into its frequency components 
aa:ording to frequency ba.ods m 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 spectrnm o.re a.sswned to have HR 
information. 
St3Se 4. Hes.rt R3te Tracking o.nd n xtraction from PPG Spectnun 
Case ( !): From 3.1- if the spectrum is corrupted by movement and 
only the first largest peak is corrupted, then the HR frequency 
should be tl,e frequency of the second peak in the spectrum. 
Case (2): Due lo the sensor-skin inte rface interrupt.ion, which 
could be a result o f gap between the pulse oximeter o.nd a subject's 
skin or slight sensor alignment variations relative to skin. the HR 
frequency Cilllllot be extracted from the spectn.un and in this case 
the previous HR frequency is used or for offiine implementstion a 
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TABLE 1 I-continued 

OXIMA :v!ETHOD: HR AND SP02 RECO:-ISTRUCTION 

cubic spline inteipOlation can be applied to fill in the missing HR 
information. 
Stage 5. PPG Signal Reconstruction 
5. t. The PPG signal is reconSIJ'Ucted by using the swnmntion of 
VFCDM components with frequency close to the HR frequency at 
each window. 
Stage 6. Oxygen SJruration Estimation 
6.1. Calculate the Sp02 estinw.ions from reconstructed infrared 
and red PPG signals usi11g the following empirical calibration 
equ.rion [2] 

Sp02(%) = (I IO - 25R) 

where. 

R = ACR,. f DCR"1 
AC,RfOC.1R 

36 
TABLE 12-continued 

VFCDM METHOD 

5 Step (3) By changing the center frequency followed by using t.he 
variable frequency approach as well as the LPF, the signal, x(t) . 
will be decomposed into the sinusoid modu.lations1 d;, 
by the COM technique as follows: 

JO x(t) = ~ d; = dc(t) + ~ A.(t)co{( 2nf;(r)dr + ¢,;(1)) 

15 

Step (4) The instantaneous frequency and amplitude of d; can be 
calculated using the Hilbert transfom1 

A(t) = 2lz;p(t)I = [X2(t) + Y2(t)]112 

X(t) = roal(z1,.(t)) 

Y(t) = imag(z.,(1)) 

FIGS. lSA-8 show the resultant VFCDM time-frequency 
spectmm of recordings from subject #5, as a representative 20 
example. 

= H[X(t)) 

= ~f X(t') dt' 
l( l - t' 

The panels in FJGS. ISA-8 show infrared PPG time series 
data. FIG. 158 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 25 
VFCDM. 

['JG. 16 shows the twelve components corresponding to 
the JR and Red signal for subject #5. Among the twelve 
frequency bands, bands I to 5 correspond to frequency range 
of [0.5 Hz to 3 I-lz], which is typically the HR frequency 
range accounting for both normal and elevated heart rates. 
Embodiments disclosed herein select a component of these 

Sigual Decomposition 
The original PPG sigual was decomposed into sinusoidal 

modulations using a VFCDM method, as disclosed in Table 
12 below. 

N N 

A'(t) = L Componen(i} = l: dc;(t),1;(1)cos(m/;(t) + ¢,;(r)} 

i=l i=I 

(4) 

By assuming N=J2 fixed frequency bands each with a 
distinct central frequency, the PPG and accelerometer sig­
nals may be decomposed using the VFCDM method of 
Table 12 which yields 12 components. 

TABLE12 

VFCDM METHOD 

\.on~icier a. sfnm;oicfa.J sisrutl x (t) to he ii. flAITOW h~flrl osciJIJ:ttion with S.. 

time-varying center frequency f('t ) , instantaneous amplirude A(t), 
pluse q,(t), and the direct current component dc(t): 

x(t) = dc(t) + A(t)cos(J: 2,rf(r)dt + ¢(1)) 

Step ( I) For a given center frequency, we can extract the instantaneous 
amplitude i11format.ion A(t) and phase information q,(t) by 
muJ1Jplyi11g (I) 

by .-;£2•/(r)dT which results in the following; 

z(t) = x(t)c- ;.(l2></(r\1r 

= dc(t)e-;_(:2></(r)d, + A(t) .,i4-(r) + A(t) .-,W<L,f(r)1r+<(r)) 
2 2 

Step (2) From (2), if z(t) is filtered with an idea.I 
low-pass filter (LPF) with a cutoff frequency fc < fo, 
where f0 is the center frequency of interest. Then 
the filtered signal z!P(t) will contain only the component of interest 

A(t) _.,,rJ 
,.,,.(/) = 2 .,..-· . 

30 5 components to reconstruct the signal that preserves the HR 
and is less corrupted by the motion artifacts. For the selec­
tion, an accurate HR may be estimated by selecting the 
components that match closest to the actual HR frequency in 
order to reconstn.1ct a less noisy PPG signal tha11 the original 

35 motion corrupted data. 
Spectr<1I Filtering 
After obtaining the power spectral density at each win­

dow, HR frequency may be assumed to be confined in the 
range [0.5 Hz-3 Hz], which takes into account both at rest 

40 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 

45 

above, with reference to FIG. 38. 
In general, HR frequency in the VFCDM based power 

spectral density of the PPG at each window can have three 
different scenarios: (I) 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 

so 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(]), FIR can be extracted 
and it is most likely represented as the highest peak in the 

55 PPG spectnim. For case (2), MA dynamics can result in the 
dominant peak and HR frequency peak's magnin1de become 
smaller than the MA frequency peak in the spectmm. The 
only scenario that makes it difficult to extract HR from the 
spectnm1 is scenario (3) when there is a spatial gap between 

60 the PPG sensor and the subject's skin during recording. IJl 
this scenario, assuming that the motion artifacts are short 
lasting, the missing HR values can be interpolated using the 
cubic spline approach. 

FIGS. 17 A-C are plots of the above three scenarios. In 
65 FIG. l7A and FTG. 17B, the tme 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 
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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 
colunm 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. 

38 
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. 208. 

Oxygen Saturation Estimation 

Embodiments disclosed herein employ a TFS filtering 
step to search for N first highest spectral peaks and their 
associated frequencies in each colunm of the TFS. Hence, 
the original TFS of FIG. l5B can be filtered to select only 
N, for example, 2, in the example embodiments, highest 
spectral peaks. 

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. 

In order to calculate Sp02 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 ACRed and 
ACIR, respectively, then the "ratio-of-ratio" R is estimated 

10 (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) 

15 

Heart Rate Tracking and Extraction 
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. 

20 

As disclosed above with reference to FIG. 38, if the 25 

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. 30 

FIG. l8B illustrates the tracking of HR based on OxiMA 
method, disclosed above. 

FIGS. 19A and l9B represent comparisons, of the esti­
mated 8 second moving averaged HR from the OxiMA 
method, to the reference HR, and the HR calculated from the 35 

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- 40 

surement indices of absolute and normalized errors similar 
to the indices in (Wang, H., et al., A high resolution approach 
to estimating time-frequency spectra and their amplitudes. 
Ann Biomed Eng, 2006. 34(2): p. 326-3) were used. 

1 w 

Error(!)= W ~ IHRox;MA (k)- HRcef(k)I 
k=l 

(5) 

45 

= _!_ f, IHRox;MA (k) - HRceJ(k)I X lOOo/o (6) 50 

Error(2J W f;;t HRox,MA (k) 

as 

ACR,d /DCR,d 
R = -A.,...c"'"1-R...,.ID=c-1R-

(7) 

Accordingly, Sp02 may be computed by substituting the 
R value in an empirical linear approximated relation given 
by Sp0i%)=(110-25R). 

FIG. 20C represents the reconstructed Sp02 values 
obtained from OxiMA in comparison to the reference Sp02 
values and the estimated values before reconstruction. 

OxiMA Results 
Table 13 represents the average absolute error (El) and 

the average absolute error percentage (E2) of HR and Sp02 
estimations of the OxiMA method on the varying hypoxia 
level dataset. 

TABLE 13 

OXIMA METHOD PERFORMANCE COMPARISON 
(HR ESTIMATIONS) 

Actual HR estimation error OxiMA. HR estimation error 

Subject El E2% El E2% 

3.84 4.83 1.53 2.10 
6.84 9.57 2.72 3.97 
8.15 9.59 1.69 2.29 

4 4.55 5.39 2.61 3.18 
10.53 11.96 4.04 4.60 
4.46 5.52 2.04 2.66 

12.41 19.65 2.81 4.37 
3.84 4.35 2.10 2.46 
3.80 4.13 2.57 2.83 

10 3.65 4.20 1.85 2.41 
mean± std 6.20 ± 3.2 7.91 ± 5.0 2.40 ± 0.73 3.09 ± 0.90 

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

where, W is the total number of windows. 
PPG Signal Reconstruction 
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 performed. An assump­
tion may be made that the signal components corresponding 
to the HR frequency are more robust against motion and, 
thus, a less corrupted signal can be reconstructed using the 
surmnation of these components. 

The OxiMA method is compared to the HR and Sp02 
estimations prior to the reconstruction method, where both 
pre- and post-reconstruction estimations are compared to the 

55 reference FIR and reference Sp02 values obtained from the 
Masimo pulse oximeter. 

The results presented in Table 13 show that OxiMA on 
average improves the HR and Sp02 estimations by 100% 
and 105%, respectively when compared to those estimations 

60 without the reconstruction method. Improvement rates are 
calculated as follow: 

By calculating the components from the Signal Decom­
position, using Eq ( 4) and the time-frequency spectrum of 
the PPG, at each 8-sec window a signal component may be 65 

chosen that has a frequency close to estimated HR frequency 
and that component may be employed to reconstruct infrared 

_ _!_ f, IErrorlox;MA (k) -ErrorlAc1(k)I X lOOo/o 
ImRatel(o/o) - W L, Errorlox;MA(k) 

k=l 

(8) 
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-continued 

? _ ..:_ ~ 1Error2oxi.>IA (k) - Error2A"(k)I 
lmRate- ('fo) - W L, ,, __ ., _ . (k) x 100% 

(=l J.....;J. 1~,J'.1)11\ 

(9) 

FIGS. 21AaC and FIGS. 22A"B show the reconstructed 
Sp02 and HR in comparison to the reference HR from ECG 
recordings for subject #5. The largest error among all 
recordiJlgs 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 recordings. 

TABLE 14 

OXIMA :v!ETHOO PERFORMANCE CO:v!PARISON 
fSP02 ESTIMATIONS) 

Actual Sp0 2 estimation OxiMA Sp02 estimation 
error error 

Subject EI E2% El E2o/o 

l 2.51 2.63 0.86 0.90 
2 7.14 9.63 2.45 3.10 
3 6.21 6.59 J.61 1.67 
4 l.~9 2.4 6 0.95 1.16 
5 7.13 7.80 3.25 3 .47 
6 2.85 2.99 1.10 1.14 
7 5.83 9.09 2.57 4.52 
8 3.51 4.63 1.73 2 .22 
9 1.81 2.10 1.50 1.61 

10 4.85 5.91 J.93 2.07 
mean ± std 4.37 ± 2.1 5.38 ± 2.8 1.79 ± 0 .8 2.19 ± 1.2 

As such, the E l (HR) for this particular subject is as low 
as 4.05 bpm while the El (Sp02) is as low as 3.25%. It can 
be seen from Table 15, disclosed below, that HR and Sp02 
hoth improved hy 160%, and 11 9%,, respectively, post recon­
struction method. 

TABLE 15 

OXlMA METHOD PERFORMANCE COMPARISON 

40 
Transactions on, 2009. 56(8): p. 2054-2063), or any other 
suitable Lime-frequency technique, such as a wavelet analy­
sis (Chon, K. H., S. Dash, and J. Kihwan, Estimation of 
Respiratory Rate From Photoplethysmogram Data Using 

5 Time-Frequency Spectral Estimation. Biomedical Engineer­
ing, 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 bjgh heart rates may be 

10 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 FJR may be estimated and Sp02 
may be estimated, as disclosed above. 

15 The dataset used to verify the OxiMA method's perfor-
mance was collected from IO subjects during hypoxic 
experiments. The results show accurate estimation of both 
FIR and Sp02 even during the presence of severe motion 
artifacts where the average error was only 2 .4 bpm. More 

20 importantly, the average improvements in these estimates 
are astoundingly high for both HR (149%) and Sp02 
(I 52%) when the reconstruction method applied, according 
to embodiments disclosed herein. Other methods for esti­
mates of HR during severe motion artifacts for PPG signal 

25 ZhiJin, Z., 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, Z., Photoplethys-

30 mography-Based Heart Rate Monitoring in Physical Activi­
ties via Joint Sparse Spectnuu Reconstmctioo. Biomedical 
Engineering, IEEE Transactions on, 2015. PP(99): p. 1-1; 
Salehizadeh, S., et al., A Novel Time-Varying Spectral 
Filtering Algorithm for Reco1istrucl'ion of Motion Artifact 

35 Corrupted IIeart Rate Signals During Intense Physical 
Activities Using a Wearable Photoplethysmogram Sensor. 
Sensors, 201 5. 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 

40 Engineering, 1960. Series D (82)). However, these methods 
~~~~------- are only confined to HR estimation and not Sp02. Specifi-

fSP02 ESTIMATIONS) 

HR. 
lrn12rovement. Rate 

ImRatelo/o ImRate2% 

SpO, 
lm12rovemcnt Rtue 

~nRatelo/o ImRate2% 

cally, previous PPG reconstruction methods, such as (Sale­
hizadeb, S. M. A., et al., Photoplethysmograph Signal 
Reconstrnction based on a Novel Motion Artifact Detection­

---------- 45 Reduction Approach. Part ll: Motion and Noise Artifact 
Subject 

150.90 130.00 19 1.86 192.22 1 
2 151.47 141.05 19 1.43 210.64 
3 323.08 318.78 285.71 294.61 
4 74.33 69.50 98.95 112.07 
5 160.17 160.66 119.38 124.78 
6 118.63 107.52 !59.09 162.28 
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 30.43 

10 97.30 74.27 151.30 185.5 
mean ± 158.38ic 149.71± 144.81± 152.2± 

V. Conclusions 

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 Sp02 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. K ihwan. Estimation of Respiratory 
Rate From Pbotoplethysmogram Data Using Time-Fre­
quency Spectral Estimation. Biomedical Engineering, IEEE 

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. 

so 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 Sp02 and HR even when there are significant MA. 
and concomitant low oxygen saturation values. 

55 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 

60 varied tlu·oughout each hypoxic maneuver, the domjuaot 
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 

65 leaking into the gap between a PPG sensor and the skin 
surface (Zhang, Z., Photoplethysmography-Based Heart 
Rate Monitoring in Physical Activities via Joint Sparse 



Petitioner Ex-1001, 0052

us 10,278,647 82 
41 

Spectrnm Reconstrnction. Biomedical Engineering, IEEE 
Tr.insactions on, 2015. PP(99): p. 1-1 ). This is because the 
power of the signal is dependent on the depth aud 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 5 

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. 

Additionally, the local blood perfusion of the monitored 10 

region a:Bects the signal-to-noise ratio of the PPG signal. 
When perfom1ing the hypoxic maneuvers, subjects' HR and 
breathing rate normally increase as oxygen saturation 
decreases. These physiologic changes cause more distinct 
pulsations in the digits, which increase the s ignal-to-noise 15 

ratio. 
The OxiM..t\ method can be easily implemented in real­

time. Execution time of the method has been found to be 
only 180 msec o n data divided into 8 second segments using 
Matlab® R2014a and CPU 3.6 GHz. Therefore, given the 20 

high accuracy of the OxiMA method in estimating FIR and 
Sp02 despite severe motion artifacts, this method has the 
potential to be applicable for implementation on wearable 
devices such as smart watches and PPG-based fitness sen-

42 
in software, hardware, or firmware. Jf implemented in soft­
ware, the sofiware may be wrillen in any language that can 
suppon the exan1ple embodiments disclosed herein. T11e 
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. ln operation, a general purpose or 
application-specific processor or processing core loads and 
executes software in a manner well understood in the art. It 
should be understood further that the block and flow dia­
grams may include more or fewer elements, be arranged or 
oriented differently, or be represented differently. It should 
be understood that implementation may dictate the block, 
flow, and/or network diagrams and the number of block and 
flow diagrams illustrating the execution of embodiments 
disclosed herein. 

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

While this invention bas 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 fom1 and details may be made therein without 
departing from the scope of the invention encompassed by 

sors. 25 the appended claims. 
FIG. 23 is a block diagram of an example of the internal 

structure of a computer 2300 in which various embodiments 
of tbe present d isclosure may be implemented. The com­
puter 2300 contains a system bus 2302, where a bus is a set 

What is claimed is: 
1. A method for reconstrncting a heart-related signal 

output by a biomedical sensor, the method comprising: 
reconsrrncting 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 niotion 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
ficatfon of the movement, wherein the time-varying 
spectral analysis includes pre-processing the heart­
related signal to produce a pre-processed heart-related 
signal, pre-processing the motion signal to produce a 
pre-processed motion signal, and computing a first 
time-frequency spectnun (TFS) of the heart-related 
signal using the pre-processed heart-related signal and 
a second TFS of the motion signal using the pre­
processed motion signal; and 

outputting the reconstructed representation of the heart­
related signal. 

of hardware lines used for data transfer among the compo- 30 

oeots of a computer or processing system. ll1e system bus 
2302 is essentially a shared conduit that connects different 
elements of a computer system (e.g., processor, disk storage, 
memory, input/output p0rts, network ports, etc.) that enables 
the transfer of infonnation between the elements. Coupled to 35 

the system bus 2302 is an 1/0 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. 40 

Memory 2308 provides volatile storage for computer soft­
ware instrnctions 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 instrnctions 2310 and data 2312 that may be used 45 

to implement embodiments of the present disclosure. A 
central processor unit 2318 is also coupled to the system bus 
2302 ru1d provides for the execution of computer instruc­
tions. 

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-readable medium con­
taining instructions that may be executed by a processor, 55 

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, reconstrnction unit 
516, output uo.it 518, heart rate uuit, arterial oxygen san1-
ration (Sp02) unit, and ailment unit, disclosed above, may 

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

related signal. 

be implemented in software, hardware, such as via one or 
more arrangements of circuitry of FIG. 23, disclosed above, 
or equivalents thereof, finnware, a combination thereof, or 
other similar implementation determined in the future. In 
addition, the elements of the block and flow diagrams 
described herein may be combined o r divided in any manner 

3. The method of claim 1, wherein: 
in an event tbe 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 1, wherein the pre-processing 
includes filtering the heart-related signal to produce a fil-

60 tered heart-related signal, the filtered heart-related signal 
being the pre-processed 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 Jess than 

65 an original sampling rate. 
6. T11e method of claim 1, wherein the first TIS computed 

and the second TFS computed are 3-dimensional spectra, the 
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first TFS computed and the second TFS computed each 
inclmli11g a respective time-varying amplitude or power 
distribut ion with respect to time and frequency. 

7. The method of claim 1, wherein the first TFS computed 
is a first time-varying power spectral density (PSD) and the 5 

second TFS computed is a second time-varying PSD. 
8. Tbe method of claim 1, 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 10 

and is a pseudo-periodic movement or a periodic movement, 
the reconstructing includes: 

detennining 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 15 

computed, the current reconstmcted 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 Cltrrent reconstructed 
representation is based on a prior reconstmcted repre- 20 

sentation, the prior reconstructed representation asso­
ciated with a previo us point in time in the first TFS 
computed. 

44 
previous point in time being an earlier point in time 
with respect to the first point in time. 

14. The method of claim 13, 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 lc.:ast unc.: last 1.:an<li<latc.: spoctrn1 pt:ak 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. 

15. The method of claim 10, wherein the dominant 
spectral peak bas a largest power or amplitude value relative 
to o ther peaks located at the second point in rime in the 
second TFS. 

9. The method of claim 8, wherein the given frequency 
range is 0.5 Hz to 3 Hz. 

16. The method of claim 10, wherein the retaining and the 
25 discarding are based on: 

10. The method of claim 1, wherein the reconstructing 
includes: 

the classification indicating that the movement is a 
pseudo-periodic movement or a periodic movement; 
and 

detennining that at least one spectral peak with a corre­
sponding frequency in the given frequency range is 
present at the first point in time. 

retaining up to a pre-detennined number of candidate 
spectral peaks located at a first point in time in the first 
TFS computed, the candidate spectral peaks retained 30 

based on having corresponding frequencies within a 
given frequency range and highest an1plitude or power 
values relative to other spectral peaks located at the first 
point in time, the other spectral peaks bavi11g respective 
frequencies within the given frequency range ; and 

17. The method of claim 1, wherein the pre-processing 
includes filtering the heart-related signal and the motion 
signal to produce a filtered heart-related signal a11d a filtered 

35 motion signal, respectively, the filtered heart-related signal 
being the pre-processed heart-related signal and the filtered 
motion signal being the pre-processed motion signal. 

discarding each of the candidate spectral peaks retained 
that is associated with a sanle 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. 

11. The method of claim l 0, wherein the given frequency 
range is 0.5 Hz to 3 Hz. 

18. T11e method of claim 17, wherein the pre-processing 
farther includes down-sampling both the filtered heart-

40 related signal and the filtered morion signal, the down­
sampling being at a sampling rate less than an original 
sampling rate. 

12. The method of claim 10, wherein the representation is 
a current representation, wherein the reconstructed repre­
sentation is a current reconstructed representation, and 45 

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 so 
previous point in time being an earlier point in time with 
respect to the first point in time. 

13. TI1e method of claim 10, wherein the discarding is a 
first discarding and wherein the representation is a current 
representation and, wherein, in an event the first discarding 55 

results in at least one remaiL1ing candidate spectral peak 
retained, reconsrmcting the current representation further 
includes: 

19. The method of claim 1, 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. 

20. The method of claim 19, wherein the amplin1de 
modulation threshold is dependent on a type of the motion 
detector sensor. 

21. The method of claim 19, 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. 

second discarding, wherein the second discarding dis­
cards remaining candidate spectral peaks, oftbe 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 

22. The method of claim 21, wherein, in determining 
60 whether tbe movement is either tbe pseudo-periodic move­

ment or the periodic movement, versus the random move­
ment includes, the method farther includes: 

a prior reconstructed representation's frequency, the 65 
prior reconstmcted representation associated with a 
previous point in time in the first TFS computed, the 

identifying a first, second, and third frequency associated, 
respectively, with a first, second, and third spectral peak 
in rhe second TFS at a point in rime in the second TFS, 
the first, second, and third peaks having largest power 
or amplitude values relative to other peaks in the 
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second TFS at tbe point in time, tbe first spectral peak 
being a la.rgest spectral peak amOligst 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 tbe third frequency identified 

33. The method of claim 1, wherein the reconstructing and 
the outpuning are performed in real-time wirb respect 10 

production of the heart-related signal and the motion signal. 
34. The method of claim 1, wherein the rcconstrncting and 

5 the outputting are performed in non-real-time with respect to 
production of the heart-related signal and the motion signal. 

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

to the first frequency identified and determining a 
St:l:un<l l:Umparison result by l:umparing tht: St:l:UD<l JO 
ratio computed to a second ratio value, wherein the 
classification further indicates that tbe movement is 
either tbe pseudo-periodic movement or the periodic 
movement, versus the random movement, based on the 

15 
first comparison result and tbe second comparison 
result. 

23. The method of claim 22, wherein the first ratio value 
is 2 and the second ratio value is 3. 

24. The method of claim 1, wherein, in an event the 20 

classification oftbe movement indicates random movement, 
the reconstructing includes: 

computing an average value of a number of prior recon­
strncted representations outputted prior to the recon­
strncting, the number based on a duration of consecu- 25 

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- 30 

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

wherein tbe reconstructed representation is based on an 
average peak-to-peak interval value of the filtered, 

35 
pre-processed heart-related signal. 

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

26. The method of claim 1, further comprising: 
segmenting the heart-related signal into a plurality of 40 

windowed heart-related signal data segments and the 
motion signal into a corresponding plurality of win­
dowed motion signal data segn1ents; and 

repeating the reconstrncting and the outputting for each 
windowed heart-related signal data segment and each 45 

corresponding motion signal data segment. 
27. The method of claim 26, wherein the time window is 

a value in a range from 2 to 32 seconds. 
28. The method of claim 1, wherein the biomedical sensor 

a reconstrnction unit configured to reconstruct a repre­
st:ntatiun uf tht: ht:art-rdatt:cl signal tu pruclul:t: a rt:l:un­
strncted representation of the heart-related signal, the 
reconstrncting based on (i) a time-varying spectral 
analysis of the heart-related signal and a motion signal, 
tbe 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, wherein the tinle-varyi.og spectral analysis 
includes pre-processing the heart-related signal to pro-
duce a pre-processed heart-related signal, pre-process­
ing the motion signal to produce a pre-processed 
motion signal, and computing a first time-frequency 
spectrum (TFS) of the heart-related signal using the 
pre-processed heart-related signal and a second TFS of 
the motion signal using the pre-processed motion sig­
nal; and 

an ou1put uni! con.figured to outpul the reconstruc1ed 
representation of the heart-related signal. 

36. Tile apparan1s of claim 35, wherein the motion arti­
facts are suppressed in the reconstructed representation of 
the heart-related signal. 

37. The apparatus of claim 35, ,vhereio: 
in an even! 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. 

38. 111e apparall1s of claim 35, wherein the pre-processing 
includes filtering the heart-related signal to produce a fil­
tered heart-related signal, the filtered heart-related signal 
being the pre-processed heart-related signal. 

39. The apparatus of claim 38, wherein the pre-processing 
further includes down-sampling the filtered heart-related 
signal, tbe down-sampling being at a sampling rate less tban 
an original sampling ra1e. 

40. TI1e apparatus of claim 35, wherein the first TIS 
computed and the second TFS computed are 3-<limensional 
spectra, the first TIS computed and the second TFS com­
puted each including a respective lime-varying amplitude or 
power distribution with respect to time and frequency. 

is at least one of: a photoplethysmogrnm (PPG) sensor, so 
piezoelectric sensor, Light Emining Diode (LED) based 
sensor, camera sensor, and pulse oximeter sensor, and 
wherein the motion sensor is an accelerometer. 41. The apparatus of claim 35, wherein ibe first TFS 

computed is a first time-varying power spectral density 
55 (PSD) and the second TFS computed is a second time­

varying PSD. 

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

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

31. The method of claim 1, further comprising employing 
the reconstructed representation to determine an arterial 60 

oxygen saturation (Sp02) estimate. 
32. The method of claim 1, further comprising employing 

the reconstructed representation to detect or predict a heart­
related ailment, the heart-related ailment including at least 
one of a hean rate variability (HRV) condi1ion, atrial fibri l- 65 
lation condition, conges1ive heart failure condition, and 
tachycardia condition. 

42. TI1e apparatus of claim 35, 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 reconstrnct the representation 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 firs1 TIS 
computed, the current reconstructed representation 
being reconstructed for the point in time; and 



Petitioner Ex-1001, 0055

us 10,278,647 82 
47 48 

tive frequencies of each of the at least one last candi­
date spectral peak remaining. 

wherein, based on a detem1ination that the at least one 
spectral peak is not present, the recons1ruc1ed curreril 
representation is based on a prior reconstmcted repre­
sentation, the prior rcconstrncted representation asso­
ciated with a previous point in time in the first TFS 
computed. 

49. ·me apparan1s of claim 44, wherein the dominant 
spectral peak has a largest power or amplitude value relative 

5 to other peaks located at the second point in time in the 
second TFS. 

43. The apparan1s of claim 42, wherein the given fre­
quency range is 0.5 Hz to 3 Hz. 

44. The apparatus of claim 35, wherein to reconstruct the 
n:prest::nlatiun indu<lt::s: JO 

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 

15 
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 

50. 1be apparanis of claim 44, 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 

detennining that at least one spectral peak with a corre­
sponding frequency in the given frequency range is 
present at the first point in time. 

51. The apparan1s of claim 35, 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, the filtered heart-related signal 
being the pre-processed heart-related signal and the filtered 

discarding each of the canclidate 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. 

20 motion signal being the pre-processed motion signal. 

45. The apparatus of claim 44, wherein the given fre- 25 

quency range is 0.5 Hz to 3 Hz. 
46. The apparan1s of claim 44, wherein the representation 

52. The apparatus of claim 51, 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. 

53. The apparatus of claim 35, 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 tbe morion artifacts based 
on a result of the comparing. 

is a current representation, wherein the reconstn1cted rep­
resentation is a current reconstructed representation, and 
wherein, in an event the discarding discards each of the 30 

candidate spectrnl peaks retained, reconstructing the current 
representation is based on a prior reconstructed representa­
tion, the prior reconstrncted representation associated with a 
previous point iii time iii the first TFS COliiputed, the 
previous point in time being an earlier point in time with 
respect to the first point in time. 

54. The apparatus of claim 53, wherein the amplitude 
1iiodulation threshold is dependent on a type of the motion 

35 detector sensor. 

47. The apparan1s of claim 44, 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 40 

retained, reconstmcting the current representation further 
includes: 

55. The apparatus of claim 53, 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. 

second discarding, wherein the second discarding dis­
cards remaining candidate spectral peaks, of the at least 
one remaining candidate spectnil peak retained, based 
on whether a corresponding frequency of the at least 
oue remaining candidate spectral peak retained is dis­
tanced by at least a frequency difference threshold from 

56. TI1e apparan1s of claim 55, wherein to detennine 
whether the movement is either the pseudo-periodic move-

45 ment or the periodic movement versus a random movement 
includes: 

a prior reconstructed representation's frequency, the 
prior reconst ructed representation associated with a so 
previous point in time in the first TFS computed, the 
previous point in time being an earlier point in time 
with respect !o the flrsi point in time. 

48. 1b e apparatus of claim 47, wherein: 
based on each of the at least one remaining candidate 55 

spectral peak retained having been discarded by the 
second discarding, recoustmcting the current represen­
tation is based on the prior reconstructed representa­
tion; and 

based on at least one last candidate spectral peak remain- 60 

ing, the at least one last candidate spectral peak remain­
ing not discarded by the second discarding, reconstrnct­
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 65 
a closest corresponding frequency to the prior recon­
stmcted representation's frequency relative to respec-

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; 

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 detenniniog 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. 
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57. The apparar1.1s of claim 56, wherein the first ratio value 
is 2 and the secMd ratio va lue is 3. 

58. The apparatus of claim 55, wherein, in an eveut the 
classification of the movement indicates random movement, 
the reconstructing includes: 

computing an average value of a number of prior recon­
stmcted representations outputted prior to the recon­
strncting, the number based on a duration of consecu­
tive motion artifacts, detected prior to the 
re1.:unslrm.:ling; 

computing a bandpass filter cutoff frequency based on the 
average value computed; 

5 

JO 

filtering the pre-processed heart-related signal by apply­
ing the band pass filter computed to produce a filtered, 

15 
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. 

59. The apparatus of claim 35, wherein the heart-related 20 

signal and the motion signal are produced, concurrently. 
60. The apparan1s of c la im 35, further comprising seg­

mentation unit configured to: 

50 
recoustmct 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 seusing location, and (ii) a classi­
fication of the movement, wherein the time-varying 
spectral analysis includes pre-processing the heart­
related signal to produce a pre-processed heart-related 
signal, pre-processing the motion signal to produce a 
pre-processed motion signal, and computing a first 
time-frequency spectmm (TFS) of tbe heart-related 
signal using the pre-processed heart-related signal and 
a second TFS of the motion signal using the pre­
processed motion signal; and 

outputting the reconstmcted representation of the heart­
related signal. 

70. A method for reconstrncting a heart-related signal 
25 output by a biomedical sensor, the method comprising: 

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
stmction unit and the output unit reconstmct the rep­
resentation and output the reconstructed representation, 
respectively, based on each windowed heart-related 30 

signal data segment and each corresponding motion 
signal data segment. 

61. The apparatus of claim 60, wherein the time window 
is a value in a range from 2 to 32 seconds. 

35 
62. The apparanis of claim 35, 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. 

63. The apparanis of claim 35, wherein the apparatus 
includes the biomedical sensor and the motion sensor. 

64. The apparatus of claim 35, further comprising a heart 
rate unit configured to employ the reconstrncted represen­
tation to determine a heart rate estimate. 

65. The apparan1s of claim 35, further comprising an 
arterial oxygen saturation (Sp02) un.i t configured to employ 
the reconstructed representation to detem1ine a Sp02 esti-
mate. 

40 

45 

66. The apparatus of claim 35, furtber comprising an so 
ailment unjt coofigured 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 55 

conclition. 
67. The apparan,s of claim 35, wherein the reconstrnction 

unit and the output unit are configured to reconstrnct and to 
output, respectively, in real-time with respect to production 
of tbe heart-related signal and the motion sigual. 

68. The apparan1s of claim 35, wherein the reconstruction 
unit and the output unit are configured to reconstrnct and to 
output, respectively, in non-real-time with respect to pro­
duction of the heart-related signal and the motion signal. 

60 

69. A non-transitory compmer-readable medium having 65 
encoded thereon a sequence of instmctions which, when 
loaded and executed. by a processor, causes the processor to 

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 se11Sing location, and (ii) a classi­
fication of the movement, wherein tbe time-varying 
spectral analysis includes computing a first time-fre-
quency spectrum (TFS) of the heart-related signal and 
computing a second TFS of the motion signal; and 

outputting the reconstructed representation of the heart­
related signal, wherein the reconstn1cted representation 
is a current recoustmcted representation and wherein, 
based on the classification indicating that the move-
ment does rise to a level causing the motion artifacts 
and is a pseudo-periodic movement or a periodic move­
ment, the reconstructing includes: 
determining whether at least one spectral peak is pres­

ent having a corresponding frequency within a given 
frequency range at a point in time in tbe first TFS 
computed, the current reconstrncted 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 recoostmcted rep­
resentation, the prior reconstmcted representation 
associated with a previous point in time in the first 
TFS computed. 

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

reconstmcting 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 morion artifacts being signal 
artifacts produced by movement of the biomedical 
sensor relative to a sensing location, and (ii) a classi-
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fication of the movemellt, whereill the time-varying 
spectral analysis includes cou1puting a first time-fre­
quency spectrum (fFS) of the heart-related signal a!ld 
computing a second TFS of the motion signal; and 

outpuning the reconstructed representation of the heart- 5 

related signal, wherein the reconstrncting includes: 
retaining up to a pre-determined !lumber of candidate 

spectral peaks located at a first point in time in the 
first TFS computed, the candidate spectral peaks 

JO n:taim:d based un having cum:spun<ling frt:quencies 
within a given frequency range and highest ampli­
tude 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 

15 
frequency range; and 

discarding each of the candidate spectral peaks retained 
that is associated with a same frequency as a domi­
nallt spectral peak located at a second point in time 
in the second TFS computed, the first point in time 20 

and the second point in time having same time 
values. 

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

reconstmcting a representation of the heart-related signal 25 

to produce a reconstructed representation of the heart­
related signal, the reconstructing based on (i) a time­
varyillg spectral a!lalysis of the heart-related signal a!ld 
a motion sig!lal, the motion signal output by a motion 
sensor and representative of motion artifacts in the 30 

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. wherein the time-varying 

35 
spectral analysis includes computing a first time-fre­
quency spectnun (fFS) of the heart-related signal and 
computing a second TFS of the motion signal; 

classifying the classification of the movement by com­
paring 3ll amount of amplitude modulation in the 40 

second TFS computed to an amplitude modulation 
threshold, wherein the classification indicates whether 
the movement rises to a level of causing the motion 
arti facts based on a result of the comparing; and 

outpuning the reconstructed representation of the heart- 45 

related signal. 
73. An apparatus for reconstmcting a heart-related signal 

output by a biomedical sensor, the appararus comprising: 

52 
causing the motion artifacts and is a pseudo-periodic 
movement or a periodic movement, to reconstruct the 
representation includes: 
determining whether ar least one spectral peak is pres­

ent having a corresponding frequency within a given 
frequency range at a point in time in the first TFS 
computed, the current reconstmcted 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 reconstmcted current 
representation is based on a prior reconstmcted rep­
resentation, the prior reconstmcted representation 
associated with a previous point in time in the first 
TFS computed. 

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

a reconstruction unit configured to reconstmct a repre-
sentation of the heart-related signal to produce a recon­
stmcted representation of the heart-related signal, the 
reconstmcting 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 pro­
duced by movement of the biomedical sensor relative 
to a sensing location, and (ii) a classification of the 
movement, wherein the time-varying spectra] analysis 
includes computing a first time-frequency spectmm 
(TFS) of the heart-related signal and computing a 
second TFS of the motion signal; and 

an output unit configured to output the reconstructed 
representation of the heart-related signal, wherein to 
reconstruct the representation includes: 
retai1iing up to a pre-determined rmmber of candidate 

spectral peaks located at a first point in time in the 
first TFS computed, the candidate spectra] peaks 
retained based on having corresponding frequencies 
with.in a given frequency range and highest ampli­
tude 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 domi­
nant 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. 

75. An apparan1s for reconstructing a heart-related signal 
so output by a biomedical sensor, tbe apparatus comprising: 

a reconstruction unit configured to reconstmct a repre­
sentntion oftbe heart-related signal to produce a recon­
stmcted 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 55 

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, wherein the time-varying spectral analysis 
includes computing a first time-frequency spectrum 60 

(fFS) of the heart-related signal and computing a 
second TFS of the motion signal; and 

an output unit configured to output the reconstructed 
representation of the heart-related signal, wherein the 
reconstructed representa1ion is a current reconstmcred 65 
representation and wherein, based on the classification 
indicating that the movement does rise to a level 

a reconstmction tulit configured to reconstruct a repre­
sentation of the heart-related signal to produce a recon­
simcied representation of the heart-related signal, the 
reconstmcting based on (i) a time-varying spectral 
Malysis 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, wherein the time-varying spectra] analysis 
includes computing a first time-frequency spectrum 
(TFS) of the heart-related signal and computing a 
second TFS of the motion signal; 

a classification w1it configured 10 classify the classifica­
tion of the movement by comparing an amount of 
amplitude modulation in the second TFS computed to 
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au amplit11de modulation threshold, wlhereiu the clas­
~i fit:alion imlit:ale~ whether Lim movement ri~e~ Lo a 
level causing the motion artifacts based on a result of 
the comparing; and 

an output unit configured to output the reconstrncted 5 

representation of the heart-related signal. 

* * * * * 

54 




