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APPARATUS AND METHOD FOR
DETERMINING A BLOOD PRESSURE OF A
SUBJECT

TECHNICAL FIELD

[0001] The present invention relates to medical devices,
more particularly, to an apparatus and a method for deter-
mining a blood pressure of a subject.

BACKGROUND

[0002] Conventional blood pressure measurement appara-
tuses include sphygmomanometer, oscillometry, and inva-
sive vascular pressure monitor. Blood pressure measurement
using a sphygmomanometer is based on Korotkoff sound.
Typically, a sphygmomanometer includes a stethoscope and
a cuff. Oscillometry includes a cuff and electronics to
determine the blood pressure based on cuff pressure oscil-
lations. The invasive vascular pressure monitoring method
involves placing a cannula needle or catheter into an artery.
These conventional methods are either invasive or cumber-
some.

SUMMARY

[0003] In one aspect, the present invention provides an
apparatus for determining a blood pressure of a subject,
comprising one or more sensors configured to measure a first
physiological parameter of the subject; a memory; and one
or more processors; wherein the one or more sensors, the
memory and the one or more processors are coupled to each
other; the memory stores computer-executable instructions
for controlling the one or more processors to decompose a
first physiological signal corresponding to the first physi-
ological parameter using an empirical mode decomposition
algorithm into a sum of a plurality of intrinsic mode func-
tions and a residual; identify one or more first intrinsic mode
functions of the plurality of intrinsic mode functions that are
associated with a noise signal, thereby obtaining one or more
second intrinsic mode functions of the plurality of intrinsic
mode functions that are different from the one or more first
intrinsic mode functions; and calculate a denoised physi-
ological signal by accumulating the one or more second
intrinsic mode functions.

[0004] Optionally, each of the plurality of intrinsic mode
functions has a characteristic frequency, values of charac-
teristic frequencies of the plurality of intrinsic mode func-
tions are different from each other.

[0005] Optionally, the memory stores computer-execut-
able instructions for controlling the one or more processors
to select one or more of the plurality of intrinsic mode
functions having characteristic frequencies outside a range
of acceptable characteristic frequencies as the one or more
first intrinsic mode functions.

[0006] Optionally, the one or more first intrinsic mode
functions are associated with low frequency baseline drift-
ing.

[0007] Optionally, the one or more first intrinsic mode
functions are associated with a high frequency noise.
[0008] Optionally, the memory stores computer-execut-
able instructions for controlling the one or more processors
to, prior to decompose a first physiological signal, filter a
high frequency noise from a second physiological signal to
obtain the first physiological signal.
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[0009] Optionally, filter the high frequency noise is per-
formed by mathematical morphology filtering,

[0010] Optionally, the first physiological parameter is a
pulse wave; and the first physiological signal is a photopl-
ethysmogram signal; the memory stores computer-execut-
able instructions for controlling the one or more processors
to calculate a ratio of a photoplethysmogram peak intensity
to a photoplethysmogram valley intensity in one cardiac
cycle; and determine a photoplethysmogram intensity ratio
based on the ratio of the photoplethysmogram peak intensity
to the photoplethysmogram valley intensity in the one
cardiac cycle.

[0011] Optionally, the memory further stores computer-
executable instructions for controlling the one or more
processors to obtain a first electrocardiography R-wave
signal; and determine a time interval between an electrocar-
diography R-wave peak of the first electrocardiography
R-wave signal and a peak of a first derivative of the denoised
physiological signal in one cardiac cycle; and determine a
pulse transit time based on the time interval.

[0012] Optionally, the one or more sensors are configured
to detect an electrocardiography R-wave of the subject to
acquire a second electrocardiography R-wave signal; the
memory stores computer-executable instructions for con-
trolling the one or more processors to filter a high frequency
noise from a second electrocardiography R-wave signal
thereby obtaining the first electrocardiography R-wave sig-
nal.

[0013] Optionally, the memory stores computer-execut-
able instructions for controlling the one or more processors
to determine the blood pressure of the subject using a blood
pressure calculation algorithm based on the pulse transit
time and the photoplethysmogram intensity ratio.

[0014] Optionally, the memory stores computer-execut-
able instructions for controlling the one or more processors
to determine the blood pressure of the subject according to
the following equations:

DBP= -+ 452 4o and 0
PRYETE

sgp= 4 pmy ¢
=t b—t—— te
PR ETPIE TS

[0015] wherein DBP is a diastolic blood pressure of the
subject, SBP is a systolic blood pressure of the subject, FIT
is the pulse transit time, PIR is the photoplethysmogram
intensity ratio, m is a body weight of the subject, h is a height
of the subject, and a, b, ¢, d, and e are constant coefficients.

[0016] In another aspect, the present invention provides a
method of determining a blood pressure of a subject, com-
prising decomposing a first physiological signal correspond-
ing to a first physiological parameter using an empirical
mode decomposition algorithm into a sum of a plurality of
intrinsic mode functions and a residual; identifying one or
more first intrinsic mode functions of the plurality of intrin-
sic mode functions that are associated with a noise signal,
thereby obtaining one or more second intrinsic mode func-
tions of the plurality of intrinsic mode functions that are
different from the one or more first intrinsic mode functions;
and calculating a denoised physiological signal by accumu-
lating the one or more second intrinsic mode functions.
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[0017] Optionally, each of the plurality of intrinsic mode
functions has a characteristic frequency, values of charac-
teristic frequencies of the plurality of intrinsic mode func-
tions are different from each other.

[0018] Optionally, identifying the one or more first intrin-
sic mode functions comprises selecting one or more of the
plurality of intrinsic mode functions having characteristic
frequencies outside a range of acceptable characteristic
frequencies as the one or more first intrinsic mode functions.

[0019] Optionally, the one or more first intrinsic mode
functions are associated with low frequency baseline drift-
ing.

[0020] Optionally, the one or more first intrinsic mode
functions are associated with a high frequency noise.

[0021] Optionally, prior to decomposing the first physi-
ological signal, the method further comprises filtering a high
frequency noise from a second physiological signal thereby
obtaining the first physiological signal.

[0022] Optionally, filtering the high frequency noise is
performed by mathematical morphology filtering.

[0023] Optionally, the first physiological parameter is a
pulse wave; and the first physiological signal is a photopl-
ethysmogram signal; the method further comprising calcu-
lating a ratio of a photoplethysmogram peak intensity to a
photoplethysmogram valley intensity in one cardiac cycle;
and determining a photoplethysmogram intensity ratio based
on the ratio of the photoplethysmogram peak intensity to the
photoplethysmogram valley intensity in the one cardiac
cycle.

[0024] Optionally, the method further comprises obtaining
a first electrocardiography R-wave signal of the subject;
determining a time interval between an electrocardiography
R-wave peak of the first electrocardiography R-wave signal
and a peak of a first derivative of the denoised physiological
signal in one cardiac cycle; and determining a pulse transit
time based on the time interval.

[0025] Optionally, the method further comprises measur-
ing an electrocardiography R-wave of the subject to obtain
a second electrocardiography R-wave signal; and filtering a
high frequency noise from a second electrocardiography
R-wave signal thereby obtaining the first electrocardiogra-
phy R-wave signal.

[0026] Optionally, the method further comprises deter-
mining the blood pressure of the subject using a blood
pressure calculation algorithm based on the pulse transit
time and the photoplethysmogram intensity ratio.

[0027] Optionally, the blood pressure of the subject is
determined according to the following equations:

a m
DBP=— +b—

+¢; and
PR RO

spp= 4y 4
= bt ——t e
PR T PIETS

[0028] wherein DBP is a diastolic blood pressure of the
subject, SBP is a systolic blood pressure of the subject, PTT
is the pulse transit time, PIR is the photoplethysmogram
intensity ratio, m is a body weight of the subject, h is a height
of the subject, and a, b, ¢, d, and e are constant coeflicients.
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BRIEF DESCRIPTION OF THE FIGURES

[0029] The following drawings are merely examples for
illustrative purposes according to various disclosed embodi-
ments and are not intended to limit the scope of the present
invention.

[0030] FIG. 1 is a flow chart illustrating a method of
determining a blood pressure of a subject in some embodi-
ments according to the present disclosure.

[0031] FIG. 2 is a comparison between a photoplethys-
mogram signal prior to the denoising process (the dotted
line) and the photoplethysmogram signal subsequent to the
denoising process (the solid line) in some embodiments
according to the present disclosure.

[0032] FIG. 3 is a comparison between a photoplethys-
mogram signal prior to the filtering process (top panel) and
the photoplethysmogram signal subsequent to the filtering
process (bottom panel) in some embodiments according to
the present disclosure.

[0033] FIG. 4 is a comparison between an electrocardiog-
raphy R-wave signal prior to the filtering process (top panel)
and the electrocardiography R-wave signal subsequent to the
filtering process (bottom panel) in some embodiments
according to the present disclosure.

[0034] FIG. 51is a diagram illustrating characteristic points
of the denoised photoplethysmogram signal (PPG) and
characteristic points of the first electrocardiography R-wave
signal (ECO).

[0035] FIG. 6 illustrates a method of determining a pulse
transit time (PTT) and determining a photoplethysmogram
intensity ratio.

[0036] FIG. 7 is a schematic diagram illustrating the
structure of an apparatus for determining a blood pressure of
a subject in some embodiments according to the present
disclosure.

DETAILED DESCRIPTION

[0037] The disclosure will now be described more spe-
cifically with reference to the following embodiments. Tt is
to be noted that the following descriptions of some embodi-
ments are presented herein for purpose of illustration and
description only. It is not intended to be exhaustive or to be
limited to the precise form disclosed.

[0038] Non-invasive and cuff-less blood pressure measur-
ing methods and apparatuses have become a focus of
research and development in recent years. Conventional
cuff-less and non-invasive blood pressure measuring appa-
ratuses cannot accurately and reliably measure a subject’s
blood pressure, e.g., providing a blood pressure measure-
ment comparable to that measured by sphygmomanometer
and oscillometry. For example, some of these conventional
cuff-less and non-invasive blood pressure measuring meth-
ods and apparatuses are based on photoplethysmogram
signals and electrocardiography R-wave signals. These
physiological signals, however, are relatively weak signals
having a large noise background. Moreover, these signals
are heavily affected by low frequency baseline drifting
caused by, e.g., the subject’s motion and respiratory activi-
ties, making it difficult to accurately determine characteristic
points of the signal such as a wave peak, a wave valley, etc.
Conventional denoising methods are not effective in remov-
ing these noises in the physiological signals. Further, the
conventional cuff-less and non-invasive blood pressure mea-
suring methods and apparatuses do not take into account the
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effects of vasomotor tone on the blood pressure, and the
effects of body weight on the blood pressure.

[0039] Accordingly, the present disclosure provides, inter
alia, an apparatus and a method for determining a blood
pressure of a subject that substantially obviate one or more
of the problems due to limitations and disadvantages of the
related art. In one aspect, the present disclosure provides an
apparatus for determining a blood pressure of a subject. In
some embodiments, the apparatus includes one or more
sensors configured to measure a first physiological param-
eter of the subject; a memory; and one or more processors.
The one or more sensors, the memory and the one or more
processors are coupled to each other. In some embodiments,
the memory stores computer-executable instructions for
controlling the one or more processors to decompose a first
physiological signal corresponding to the first physiological
parameter using an empirical mode decomposition algo-
rithm into a sum of a plurality of intrinsic mode functions
and a residual; identify one or more first intrinsic mode
functions of the plurality of intrinsic mode functions that are
associated with a noise signal, thereby obtaining one or more
second intrinsic mode functions of the plurality of intrinsic
mode functions that are different from the one or more first
intrinsic mode functions; and calculate a denoised physi-
ological signal by accumulating the one or more second
intrinsic mode functions.

[0040] In another aspect, the present disclosure provides a
method of determining a blood pressure of a subject. In
some embodiments, the method includes decomposing a
first physiological signal corresponding to a first physiologi-
cal parameter using an empirical mode decomposition algo-
rithm into a sum of a plurality of intrinsic mode functions
and a residual; identifying one or more first intrinsic mode
functions of the plurality of intrinsic mode functions that are
associated with a noise signal, thereby obtaining one or more
second intrinsic mode functions of the plurality of intrinsic
mode functions that are different from the one or more first
intrinsic mode functions; and calculating a denoised physi-
ological signal by accumulating the one or more second
intrinsic mode functions.

[0041] As used herein, the term “physiological signal”
refers to a signal which is received from the one or more
sensors, or a signal which is received from the one or more
sensors and further processed by one or more data process-
ing treatments such as filtering and denoising. As used
herein, the term “physiological parameter” refers to any
parameter that gives information about the health of a
subject. Optionally, the physiological parameter refers to a
parameter which may be extracted or otherwise obtained by
analyzing the one or more physiological signals. Examples
of physiological parameters include, but are not limited to,
a blood pressure, a heart rate, and the like.

[0042] FIG. 1 is a flow chart illustrating a method of
determining a blood pressure of a subject in some embodi-
ments according to the present disclosure. Referring to FIG.
1, the method in some embodiments includes determining
the blood pressure of the subject using a blood pressure
calculation algorithm. In some embodiments, the blood
pressure of the subject is calculated using the following
equations:
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a m
DBP= — +b—

+esand
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SBP= - 4 by 4 +e
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[0043] wherein DBP is a diastolic blood pressure, SBP is
a systolic blood pressure, PT is a pulse transit time, PIR is
a photoplethysmogram intensity ratio, m is a body weight of
the subject, h is a height of the subject, and a, b, ¢, d, and e
are constant coeflicients.

[0044] In some embodiments, the constant coefficients of
the blood pressure calculation algorithm may be obtained by
calibrating the pulse transit time and the photoplethysmo-
gram intensity ratio with blood pressure values obtained
using other reliable methods such as sphygmomanometer,
oscillometry, invasive vascular pressure monitoring, or non-
invasive blood pressure measuring methods. In some
embodiments, the pulse transit time and the photoplethys-
mogram intensity ratio are calibrated with subject’s own
blood pressure data obtained using other reliable methods.
In some embodiments, the constant coeflicients may be first
established for a plurality of groups of sub-populations,
respectively. Each of the plurality of groups of sub-popula-
tions may have one or more common characteristic, e.g.,
age, gender, health condition, disease condition, treatment
condition, height, weight, and body mass index. When
applying the method to determine a subject’s blood pressure,
the subject may be first classified by the one or more
common characteristics. The method further includes select-
ing a set of reference constant coeflicients established for a
plurality of subpopulations, respectively. A set of constant
coeflicients that best fits the subject is then chosen based on
the classification, and is used for calculating the subject’s
blood pressure. Once the constant coeflicients are deter-
mined, the subject’s blood pressure may be calculated based
on the pulse transit time and the photoplethysmogram inten-
sity ratio.

[0045] Referring to FIG. 1, in some embodiments, the
method further includes obtaining a denoised photoplethys-
mogram signal; and determining a photoplethysmogram
intensity ratio based on the denoised photoplethysmogram
signal. Noise signals in the photoplethysmogram signal
includes low frequency baseline drifting and one or more
high frequency noise signals. Low frequency baseline drift-
ing is due to the subject’s motion and respiratory activities.
Examples of high frequency noise signals include random
high frequency noises and power line interference noises
due to environmental interference.

[0046] In some embodiments, one or more noises may be
removed by first decomposing a first physiological signal
corresponding to a first physiological parameter. Optionally,
the first physiological parameter is a pulse wave; and the first
physiological signal is a pulse wave signal (e.g., a photop-
lethysmogram signal). Optionally, the first physiological
parameter is a heart rate, and the first physiological signal is
an electrocardiography wave signal, e.g., an electrocardiog-
raphy R-wave signal. Various other physiological signals
may be denoised using the method described herein.
[0047] In some embodiments, the method includes decom-
posing a first physiological signal corresponding to a first
physiological parameter using an empirical mode decom-
position algorithm into a sum of a plurality of intrinsic mode
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functions and a residual. In one example, the first physi-
ological signal may be decomposed into a function accord-
ing to the following equation:

N
s = Z IMF(t) + ry(0);
k=1

[0048] wherein s(t) is the first physiological signal, IMF
stands for intrinsic mode functions; k is an integer, 1<k=N;
N is an integer greater than 2; and r,(t) stands for a residual,
which is a monotonic signal. Low frequency baseline drift-
ing includes the residual and one or more intrinsic mode
functions having low frequencies.

[0049] In some embodiments, the empirical mode decom-
position process is a reiterating process that includes decom-
posing the first physiological signal multiple times to obtain
a plurality of intrinsic mode functions and until a residual
that does not include a wave signal is obtained by the
reiterating process. Optionally, the empirical mode decom-
position process includes identifying a maxima and a
minima of the first physiological signal; calculating an upper
envelop and a lower envelop based on the maxima and the
minimal; and subtracting a mean of the upper envelop and
the lower envelop from the first physiological signal to
obtain a first mode of the plurality of intrinsic mode func-
tions. Optionally, the empirical mode decomposition process
further includes subtracting the first mode from the first
physiological signal to obtain a first residual; identifving a
maxima and a minima of the first residual; calculating an
upper envelop and a lower envelop of the first residual based
on the maxima and the minimal of the first residual; and
subtracting a mean of the upper envelop and the lower
envelop from the first residual to obtain a second mode of
the plurality of intrinsic mode functions. Optionally, the
empirical mode decomposition process further includes reit-
erating the above process to obtain the plurality of intrinsic
mode functions, and a residual that does not include a wave
signal and cannot be decomposed any more.

[0050] In some embodiments, each of the plurality of
intrinsic mode functions has a characteristic frequency,
values of characteristic frequencies of the plurality of intrin-
sic mode functions are different from each other. In one
example, the first physiological signal is decomposed into
IMF1, IMF2, IMF3, IMF4, IMF5, and a residual r. The
frequencies of IMF1 to IMF5 decrease sequentially from
IMF1 to IMF5, with IMF1 has the highest frequency and
IMFS5 has the lowest frequency.

[0051] In some embodiments, the method further includes
identifying one or more first intrinsic mode functions of the
plurality of intrinsic mode functions that are associated with
a noise signal, thereby obtaining one or more second intrin-
sic mode functions of the plurality of intrinsic mode func-
tions that are different from the one or more first intrinsic
mode functions. Optionally, the step of identifying the one
or more first intrinsic mode functions includes selecting one
or more of the plurality of intrinsic mode functions having
characteristic frequencies outside a range of acceptable
characteristic frequencies as the one or more first intrinsic
mode functions. Optionally, the range of acceptable charac-
teristic frequencies is a range of characteristic frequencies
corresponding to characteristic frequencies of the first physi-
ological parameter. Optionally, the one or more second
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intrinsic mode functions of the plurality of intrinsic mode
functions have characteristic frequencies in the range of
acceptable characteristic frequencies. In one example, the
first physiological parameter is a pulse wave, the first
physiological signal is a pulse wave signal (e.g., a photop-
lethysmogram signal), and the range of acceptable charac-
teristic frequencies corresponding to characteristic frequen-
cies of the pulse wave (e.g., the pulse wave of an average
adult) is approximately 0.8 to approximately 1.6 Hz. In one
example, IMF1, IMF4, and IMF5 are first intrinsic mode
functions having characteristic frequencies outside the range
of acceptable characteristic frequencies of the pulse wave,
and IMF2 and IMF3 are second intrinsic mode functions
having characteristic frequencies different from the first
intrinsic mode functions, e.g., the characteristic frequencies
of IMF2 and IMF3 are in the range of the characteristic
frequencies corresponding to the pulse wave. In one
example, IMF4 and IMF5 correspond to low frequency
baseline drifting, and IMF1 corresponds to a high frequency
noise signal. By decomposing the first physiological signal
and isolating the low frequency baseline drifting, the low
frequency baseline drifting can be removed from the first
physiological signal, e.g., denoised. Similarly, by decom-
posing the first physiological signal and isolating the high
frequency noise signal, the high frequency noise signal can
be removed from the first physiological signal.

[0052] In another example, high frequency noise signals
are removed prior to the empirical mode decomposition
process. Thus, the decomposing process produces one or
more intrinsic mode functions corresponding to the low
frequency baseline drifting, but not intrinsic mode functions
corresponding to the high frequency noise signals. Accord-
ingly, the method includes removing the low frequency
baseline drifting from the first physiological signal by the
empirical mode decomposition process.

[0053] In some embodiments, the method further includes
calculating a denoised physiological signal by accumulating
the one or more second intrinsic mode functions. Optionally,
the denoised physiological signal may be expressed using
the following equation:

ds()=2,_ " IMF (1) )

[0054] wherein ds(t) stands for the denoised physiological
signal; k 1s an integer; m=k=n, m is an integer greater than
or equal to 1; n is an integer less than N, and greater than or
equal to m. Optionally, IMF, , (1) to IMF(t) corresponds to
the low frequency baseline drifting. Optionally, IMF, (t) to
IMF, _,(t) corresponds to the high frequency noise signals.
[0055] Insome embodiments, the intrinsic mode functions
having the lowest characteristic frequencies, IMF,,; to
IMF,, and the residual, r,(t), are not used in computing the
denoised physiological signal. Optionally, the denoised
physiological signal may be expressed using the following
equation:

ds(£)=2,_"IMF, (1) (5%

[0056] wherein ds(t) stands for the denoised physiological
signal; k is an integer; 1<ks<n, n is an integer less than N, and
greater than or equal to 1. Optionally, IMF,, (1) to IMF,({t)
corresponds to the low frequency baseline drifting.

[0057] In some embodiments, the intrinsic mode function
having the lowest characteristic frequency, IMF,, and the
residual, ry(t), are not used in computing the denoised
physiological signal. Optionally, the denoised physiological
signal may be expressed using the following equation:
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ds(t)=Z,_ N IMF (1) (6);

[0058] wherein ds(t) stands for the denoised physiological
signal; k is an integer, 1<k—=<N-1; and N is an integer
greater than 2.

[0059] In some embodiments, the first physiological
parameter is a pulse wave; and the first physiological signal
is a pulse wave signal (e.g., a photoplethysmogram signal).
Optionally, the denoised pulse wave signal (e.g., a denoised
photoplethysmogram signal) may be expressed using the
following equation:

PPG=3,_, " IMF,() (7

[0060] wherein PPG stands for the denoised photoplethys-
mogram signal; k is an integer, 1<k<N-1; and N is an integer
greater than 2.

[0061] Insome embodiments, the intrinsic mode functions
having the lowest characteristic frequencies, IMF,,, to
IMF,, and the residual, r,(t), are not used in computing the
denoised photoplethysmogram signal. Optionally, the
denoised pulse wave signal (e.g., a denoised photoplethys-
mogram signal) may be expressed using the following
equation:

PPG=3,_"IMF,(z) ®);

[0062] wherein PPG stands for the denoised photoplethys-
mogram signal; k is an integer, 1<k=n; and n is an integer
less than N, and greater than or equal to 1. Optionally,
IMF,,,,(t) to IMF(t) corresponds to the low frequency
baseline drifting.

[0063] In some embodiments, the intrinsic mode function
having the lowest characteristic frequency, IMF,, and the
residual, r\(t), are not used in computing the denoised
photoplethysmogram signal. Optionally, the denoised pulse
wave signal (e.g., a denoised photoplethysmogram signal)
may be expressed using the following equation:

PPG=%,_ NUIMF,(1) ®)

[0064] wherein PPG stands for the denoised photoplethys-
mogram signal; k is an integer, 1<k<N-1; and N is an integer
greater than 2.

[0065] FIG. 2 is a comparison between a photoplethys-
mogram signal prior to the denoising process (the dotted
line) and the photoplethysmogram signal subsequent to the
denoising process (the solid line) in some embodiments
according to the present disclosure. Referring to FIG. 2, the
low frequency baseline drifting is removed in the photopl-
ethysmogram signal subsequent to the denoising process.

[0066] Referring to FIG. 1, prior to decomposing the first
physiological signal, the method further includes filtering a
high frequency noise from a second physiological signal
thereby obtaining the first physiological signal. Optionally,
prior to the filtering the high frequency noise from the
second physiological signal, the method further includes
measuring the second physiological signal corresponding to
the first physiological parameter. Optionally, the second
physiological signal is a raw (e.g., unprocessed) data of the
first physiological parameter. In one example, the first
physiological parameter is a pulse wave, the second physi-
ological signal is an unprocessed pulse wave signal (e.g., an
unprocessed photoplethysmogram signal), and the first
physiological signal is a pulse wave signal (e.g., a photop-
lethysmogram signal) in which a high frequency noise is
removed.
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[0067] Insome embodiments, the step of filtering the high
frequency noise is performed by mathematical morphology
filtering. Optionally, the step of filtering the high frequency
noise is performed using a Savitzky-Golay FIR filter, e.g., a
third derivative Savitzky-Golay FIR filter.

[0068] FIG. 3 is a comparison between a photoplethys-
mogram signal prior to the filtering process (top panel) and
the photoplethysmogram signal subsequent to the filtering
process (bottom panel) in some embodiments according to
the present disclosure. Referring to FIG. 3, the high fre-
quency noises in the photoplethysmogram signal are
removed subsequent to the filtering process. The photopl-
ethysmogram signal is smoothed after the treatment by the
Savitzky-Golay FIR filter.

[0069] Referring to FIG. 1, the method in some embodi-
ments further includes obtaining a first electrocardiography
R-wave signal of the subject for the purpose of determining
a pulse transit time based on the first electrocardiography
R-wave signal and the denoised physiological signal.
Optionally, the method includes measuring an electrocardi-
ography R-wave of the subject to obtain a second electro-
cardiography R-wave signal; and filtering a high frequency
noise from a second electrocardiography R-wave signal
thereby obtaining the first electrocardiography R-wave sig-
nal.

[0070] Insome embodiments, the step of filtering the high
frequency noise from the second electrocardiography
R-wave signal is performed by mathematical morphology
filtering. Optionally, the step of filtering the high frequency
noise is performed using a Savitzky-Golay FIR filter, e.g., a
third derivative Savitzky-Golay FIR filter.

[0071] FIG. 4 is a comparison between an electrocardiog-
raphy R-wave signal prior to the filtering process (top panel)
and the electrocardiography R-wave signal subsequent to the
filtering process (bottom panel) in some embodiments
according to the present disclosure. Referring to FIG. 4, the
high frequency noises in the electrocardiography R-wave
signal are removed subsequent to the filtering process.
[0072] Insome embodiments, the step of filtering the high
frequency noise from the second electrocardiography
R-wave signal is performed by the empirical mode decom-
position described herein. Optionally, the step of filtering the
high frequency noise from the second electrocardiography
R-wave signal includes decomposing the second electrocar-
diography R-wave signal using an empirical mode decom-
position algorithm into a sum of a plurality of intrinsic mode
functions and a residual; identifying one or more first
intrinsic mode functions of the plurality of intrinsic mode
functions that are associated with a noise signal (e.g., a high
frequency noise), thereby obtaining one or more second
intrinsic mode functions of the plurality of intrinsic mode
functions that are different from the one or more first
intrinsic mode functions; and calculating a denoised elec-
trocardiography R-wave signal (e.g., the first electrocardi-
ography R-wave signal) by accumulating the one or more
second intrinsic mode functions.

[0073] Referring to FIG. 1, once the first electrocardiog-
raphy R-wave signal and the denoised photoplethysmogram
signal are calculated, the method further includes determin-
ing a photoplethysmogram intensity ratio based on the
denoised photoplethysmogram signal; and determining a
pulse transit time based on the first electrocardiography
R-wave signal and the denoised physiological signal.
Optionally, the method further includes identifying charac-
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teristic points of the denoised photoplethysmogram signal
and characteristic points of the first electrocardiography
R-wave signal.

[0074] FIG. 5isa diagram illustrating characteristic points
of the denoised photoplethysmogram signal (PPG) and
characteristic points of the first electrocardiography R-wave
signal (ECG). Referring to FIG. 5, ¥ denotes an electro-
cardiography R-wave peak of the first electrocardiography
R-wave signal in each cardiac cycle. As shown in FIG. 5, A
denotes a photoplethysmogram peak of the denoised pho-
toplethysmogram signal in each cardiac cycle; O denotes a
photoplethysmogram valley of the denoised photoplethys-
mogram signal in each cardiac cycle; and ¢ denotes a peak
of a first derivative of the denoised photoplethysmogram
signal in each cardiac cycle.

[0075] In some embodiments, the step of determining the
photoplethysmogram intensity ratio includes calculating a
ratio of a photoplethysmogram peak intensity to a photop-
lethysmogram valley intensity in one cardiac cycle. FIG. 6
illustrates a method of determining a pulse transit time (PIT)
and determining a photoplethysmogram intensity ratio.
Referring to FIG. 6, h, denotes a photoplethysmogram peak
intensity of a photoplethysmogram peak d of the denoised
photoplethysmogram signal in one cardiac cycle; and h,
denotes a photoplethysmogram valley intensity of a photop-
lethysmogram valley b of the denoised photoplethysmogram
signal in one cardiac cycle. The photoplethysmogram inten-
sity ratio may be calculated based on the following equation:

b (10
PIR= h—o,

[0076] wherein PIR stands for the photoplethysmogram
intensity ratio; h, stands for a photoplethysmogram valley
intensity of a photoplethysnmogram valley of the denoised
photoplethysmogram signal in one cardiac cycle; and h,
stands for a photoplethysmogram peak intensity of a pho-
toplethysmogram peak of the denoised photoplethysmogram
signal in the one cardiac cycle.

[0077] In some embodiments, the step of determining the
pulse transit time includes determining a time interval
between an electrocardiography R-wave peak of the first
electrocardiography R-wave signal and a peak of a first
derivative of the denoised physiological signal in one car-
diac cycle. Referring to FIG. 6, PPG ;,4is a first derivative of
the denoised physiological signal. As shown in FIG. 6, point
¢ in one cardiac cycle of the denoised physiological signal
corresponds to a peak of a first derivative of the denoised
physiological signal in the same cardiac cycle, and point a
of the first electrocardiography R-wave signal corresponds
to an electrocardiography R-wave peak in the same cardiac
cycle. The pulse transit time is determined as the time
difference between point a and point ¢, 1.e., the time interval
between the electrocardiography R-wave peak of the first
electrocardiography R-wave signal and the peak of the first
derivative of the denoised physiological signal in a same
cardiac cycle.

[0078] Once the pulse transit time and the photoplethys-
mogram intensity ratio are determined, the blood pressure of
the subject can be determined using a blood pressure cal-
culation algorithm, as discussed above.
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[0079] 1Insome embodiments, the method includes acquir-
ing an electrocardiography R-wave signal and acquiring an
arterial pulse wave signal, e.g., a radial arterial pulse wave
signal.

[0080] In another aspect, the present disclosure provides
an apparatus for determining a blood pressure of a subject.
FIG. 7 is a schematic diagram illustrating the structure of an
apparatus for determining a blood pressure of a subject in
some embodiments according to the present disclosure.
Referring to FIG. 7, the apparatus in some embodiments
includes one or more sensors 11, a memory 12, and one or
more processors 13. The one or more sensors 11 are con-
figured to acquire one or more physiological signals of the
subject. Examples of physiological signals include both
electrical signals and non-electrical signals. Examples of
electrical signals include, but are not limited to, an electro-
cardiogram signal, an electroencephalogram signal, an elec-
tromyogram signal, and the like. Examples of non-electrical
biometric signals include, but are not limited to, a blood
pressure signal, a pulse wave signal, a body temperature
signal, a body motion signal, and the like. Optionally, the
one or more physiological signals includes at least a pulse
wave signal (e.g., a photoplethysmogram signal) of the
subject. Optionally, the one or more physiological signals
includes at least a heart rate signal (e.g., an electrocardiog-
raphy wave signal) of the subject. Examples of biosensors
include, but are not limited to, a photoelectric sensor, a
pressure sensor, an accelerometer, barometer, and an image
Sensor.

[0081] Optionally, the apparatus is a wearable apparatus.
Optionally, the apparatus is integrated into a smart phone.
Optionally, the apparatus is integrated into a tablet computer.
Optionally, the apparatus is a stand-alone apparatus.
[0082] Insome embodiments, the memory 12 stores com-
puter-executable instructions for controlling the one or more
processors 13 to determine the blood pressure of the subject
using a blood pressure calculation algorithm. Optionally, the
blood pressure calculation algorithm is based on a pulse
transit time and a photoplethysmogram intensity ratio of the
subject. Optionally, the blood pressure of the subject is
calculated using Equations (1) and (2) discussed above.
[0083] In some embodiments, the memory 12 stores com-
puter-executable instructions for controlling the one or more
processors 13 to first decompose a first physiological signal
corresponding to a first physiological parameter. Optionally,
the first physiological parameter is a pulse wave; and the first
physiological signal is a pulse wave signal (e.g., a photop-
lethysmogram signal). Optionally, the first physiological
parameter is a heart rate, and the first physiological signal is
an electrocardiography wave signal, e.g., an electrocardiog-
raphy R-wave signal. Various other physiological signals
may be denoised using the apparatus described herein.
[0084] In some embodiments, the memory 12 stores com-
puter-executable instructions for controlling the one or more
processors 13 to first decompose a first physiological signal
corresponding to a first physiological parameter using an
empirical mode decomposition algorithm into a sum of a
plurality of intrinsic mode functions and a residual. In one
example, the first physiological signal may be decomposed
into a function according to Equation (3) discussed above.
[0085] In some embodiments, each of the plurality of
intrinsic mode functions has a characteristic frequency,
values of characteristic frequencies of the plurality of intrin-
sic mode functions are different from each other. In some
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embodiments, the memory 12 stores computer-executable
instructions for controlling the one or more processors 13 to
identify one or more first intrinsic mode functions of the
plurality of intrinsic mode functions that are associated with
a noise signal, thereby obtaining and one or more second
intrinsic mode functions of the plurality of intrinsic mode
functions that are different from the one or more first
intrinsic mode functions. Optionally, the memory 12 stores
computer-executable instructions for controlling the one or
more processors 13 to select one or more of the plurality of
intrinsic mode functions having characteristic frequencies
outside a range of acceptable characteristic frequencies as
the one or more first intrinsic mode functions. Optionally,
the one or more second intrinsic mode functions of the
plurality of intrinsic mode functions have characteristic
frequencies in the range of acceptable characteristic frequen-
cies. Optionally, the range of acceptable characteristic fre-
quencies 1s a range of characteristic frequencies correspond-
ing to characteristic frequencies of the first physiological
parameter. In one example, the first physiological parameter
is a pulse wave, the first physiological signal is a pulse wave
signal (e.g., a photoplethysmogram signal), and the range of
acceptable characteristic frequencies corresponding to char-
acteristic frequencies of the pulse wave (e.g., the pulse wave
of an average adult) is approximately 0.8 to approximately
1.6 Hz. By decomposing the first physiological signal and
isolating the low frequency baseline drifting, the low fre-
quency baseline drifting can be removed from the first
physiological signal, e.g., denoised. Similarly, by decom-
posing the first physiological signal and isolating the high
frequency noise signal, the high frequency noise signal can
be removed from the first physiological signal.

[0086] In some embodiments, the memory 12 stores com-
puter-executable instructions for controlling the one or more
processors 13 to calculate a denoised physiological signal by
accumulating the one or more second intrinsic mode func-
tions. Optionally, the denoised physiological signal may be
expressed using Equation (4) discussed above. In some
embodiments, the intrinsic mode functions having the low-
est characteristic frequencies, IMF, , to IMF,, and the
residual, ry(t), are not used in computing the denoised
physiological signal. Optionally, the denoised physiological
signal may be expressed using Equation (5) discussed
above. In some embodiments, the intrinsic mode function
having the lowest caracteristic frequency, IMF,, and the
residual, ry(t), are not used in computing the denoised
physiological signal. Optionally, the denoised physiological
signal may be expressed using Equation (6) discussed
above. In some embodiments, the first physiological param-
eter is a pulse wave; and the first physiological signal is a
pulse wave signal (e.g., a photoplethysmogram signal).
Optionally, the denoised pulse wave signal (e.g., a denoised
photoplethysmogram signal) may be expressed using Equa-
tion (7) discussed above. In some embodiments, the intrinsic
mode functions having the lowest characteristic frequencies,
IMF,,,, to IMF,, and the residual, r,(t), are not used in
computing the denoised photoplethysmogram signal.
Optionally, the denoised pulse wave signal (e.g., a denoised
photoplethysmogram signal) may be expressed using Equa-
tion (8) discussed above. In some embodiments, the intrinsic
mode function having the lowest characteristic frequency,
IMF,, and the residual, r,(t), are not used in computing the
denoised photoplethysmogram signal. Optionally, the
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denoised pulse wave signal (e.g., a denoised photoplethys-
mogram signal) may be expressed using Equation (9) dis-
cussed above.

[0087] Insome embodiments, the memory 12 stores com-
puter-executable instructions for controlling the one or more
processors 13 to, prior to decompose the first physiological
signal, filter a high frequency noise from a second physi-
ological signal thereby obtaining the first physiological
signal. Optionally, prior to decompose the first physiological
signal, the one or more sensors 11 are configured to acquire
the second physiological signal corresponding to the first
physiological parameter. Optionally, the second physiologi-
cal signal is a raw (e.g., unprocessed) data of the first
physiological parameter. In one example, the first physi-
ological parameter is a pulse wave, the second physiological
signal is an unprocessed pulse wave signal (e.g., an unpro-
cessed photoplethysmogram signal), and the first physi-
ological signal is a pulse wave signal (e.g., a photoplethys-
mogram signal) in which a high frequency noise is removed.
Optionally, filtering the high frequency noise is performed
by mathematical morphology filtering. Optionally, filter the
high frequency noise is performed using a Savitzky-Golay
FIR filter, e.g., a third derivative Savitzky-Golay FIR filter.
[0088] In some embodiments, the memory 12 stores com-
puter-executable instructions for controlling the one or more
processors 13 to obtain a first electrocardiography R-wave
signal of the subject for the purpose of determining a pulse
transit time based on the first electrocardiography R-wave
signal and the denoised physiological signal. Optionally, the
one or more sensors are configured to acquire an electro-
cardiography R-wave of the subject to obtain a second
electrocardiography R-wave signal; and the memory 12
stores computer-executable instructions for controlling the
one or more processors 13 to filter a high frequency noise
from a second electrocardiography R-wave signal thereby
obtaining the first electrocardiography R-wave signal.
Optionally, filter the high frequency noise is performed by
mathematical morphology filtering. Optionally, filter the
high frequency noise is performed using a Savitzky-Golay
FIR filter, e.g., a third derivative Savitzky-Golay FIR filter.
[0089] In some embodiments, the memory 12 stores com-
puter-executable instructions for controlling the one or more
processors 13 to filter the high frequency noise from the
second electrocardiography R-wave signal by the empirical
mode decomposition algorithm described herein. Option-
ally, the memory 12 stores computer-executable instructions
for controlling the one or more processors 13 to decompose
the second electrocardiography R-wave signal using an
empirical mode decomposition algorithm into a sum of a
plurality of intrinsic mode functions and a residual; identify
one or more first intrinsic mode functions of the plurality of
intrinsic mode functions that are associated with a noise
signal (e.g., a high frequency noise), thereby obtaining one
or more second intrinsic mode functions of the plurality of
intrinsic mode functions that are different from the one or
more first intrinsic mode functions; and calculate a denoised
electrocardiography R-wave signal (e.g., the first electrocar-
diography R-wave signal) by accumulating the one or more
second intrinsic mode functions.

[0090] In some embodiments, the first physiological
parameter is a pulse wave; and the first physiological signal
is a photoplethysmogram signal, the memory 12 stores
computer-executable instructions for controlling the one or
more processors 13 to determine a photoplethysmogram



US 2019/0059753 A1l

intensity ratio based on the denoised photoplethysmogram
signal; and determine a pulse transit time based on the first
electrocardiography R-wave signal and the denoised physi-
ological signal. Optionally, the memory 12 stores computet-
executable instructions for controlling the one or more
processors 13 to identify characteristic points of the
denoised photoplethysmogram signal and characteristic
points of the first electrocardiography R-wave signal.
[0091] Insome embodiments, the memory 12 stores com-
puter-executable instructions for controlling the one or more
processors 13 to calculate a ratio of a photoplethysmogram
peak intensity to a photoplethysmogram valley intensity in
one cardiac cycle, thereby determining the photoplethysmo-
gram intensity ratio. Optionally, the photoplethysmogram
intensity ratio is calculated based on Equation (10) discussed
above.

[0092] In some embodiments, the memory 12 stores com-
puter-executable instructions for controlling the one or more
processors 13 to determine a time interval between an
electrocardiography R-wave peak of the first electrocardi-
ography R-wave signal and a peak of a first derivative of the
denoised physiological signal in one cardiac cycle, thereby
determining the pulse transit time.

[0093] In some embodiments, the apparatus further
includes a data converter such as an analog-to-digital con-
verter for converting the physiological signal measured by
the one or more sensors 11 into digital data, and transmitting
the digital data to the one or more processors 13 for analysis.
[0094] In some embodiments, the apparatus further
includes a user interface for displaying information on a
display and for the user to input data to the apparatus
through an input device. The user may input data related to
asubject’s height, weight, and other physical parameters and
genetic traits, and historical physiological parameter data
(e.g., historical pulse wave data or historical heart rate data)
of the subject.

[0095] Optionally, the one or more sensors 11 includes one
or more electrocardiography sensors configured to acquire
an electrocardiography R-wave signal and one or more pulse
wave sensors such as a photoplethysmography sensor con-
figured to acquire an arterial pulse wave signal, e.g., a radial
arterial pulse wave signal. Optionally, the sensor for mea-
suring electrocardiography R-wave includes a plurality of
electrocardiography electrodes. Optionally, all sensors are
integrated into the apparatus. Optionally, at least one sensor
may be separate from the apparatus’s main body and is in
remote communication with (e.g., via wireless connection)
the processor in the apparatus’s main body. Optionally, the
main body of the apparatus may be worn on one location of
a subject (e.g., the wrist of the subject), and another sensor
may be placed on an arterial site away from the main body
(e.g., on the subject’s leg).

[0096] In some embodiments, the apparatus includes a
wireless transceiver for receiving or transmitting informa-
tion from or to a remote site. For example, the apparatus may
receive real-time database updates through the wireless
transceiver.

[0097] Optionally, the subject is a human. Optionally, the
subject is a mammal. Optionally, the subject is a pet (e.g., a
dog, a cat).

[0098] Various appropriate memory may be used in the
present apparatus. Examples of appropriate computer read-
able memories include, but are not limited to, magnetic disk
or tape, optical storage media such as compact disk (CD) or

Feb. 28,2019

DVD (digital versatile disk), flash memory, and other non-
transitory media. Optionally, the memory is a non-transitory
memory.
[0099] The foregoing description of the embodiments of
the invention has been presented for purposes of illustration
and description. It is not intended to be exhaustive or to limit
the invention to the precise form or to exemplary embodi-
ments disclosed. Accordingly, the foregoing description
should be regarded as illustrative rather than restrictive.
Obviously, many modifications and variations will be appar-
ent to practitioners skilled in this art. The embodiments are
chosen and described in order to explain the principles of the
invention and its best mode practical application, thereby to
enable persons skilled in the art to understand the invention
for various embodiments and with various modifications as
are suited to the particular use or implementation contem-
plated. It is intended that the scope of the invention be
defined by the claims appended hereto and their equivalents
in which all terms are meant in their broadest reasonable
sense unless otherwise indicated. Therefore, the term “the
invention”, “the present invention” or the like does not
necessarily limit the claim scope to a specific embodiment,
and the reference to exemplary embodiments of the inven-
tion does not imply a limitation on the invention, and no
such limitation is to be inferred. The invention is limited
only by the spirit and scope of the appended claims. More-
over, these claims may refer to use “first”, “second”, etc.
following with noun or element. Such terms should be
understood as a nomenclature and should not be construed
as giving the limitation on the number of the elements
modified by such nomenclature unless specific number has
been given. Any advantages and benefits described may not
apply to all embodiments of the invention. It should be
appreciated that variations may be made in the embodiments
described by persons skilled in the art without departing
from the scope of the present invention as defined by the
following claims. Moreover, no element and component in
the present disclosure is intended to be dedicated to the
public regardless of whether the element or component is
explicitly recited in the following claims.
1. An apparatus for determining a blood pressure of a
subject, comprising:
one or more sensors configured to measure a first physi-
ological parameter of the subject;
a memory; and
One or more Processors;
wherein the one or more sensors, the memory and the one
or more processors are coupled to each other;
the memory stores computer-executable instructions for
controlling the one or more processors to:
decompose a first physiological signal corresponding to
the first physiological parameter using an empirical
mode decomposition algorithm into a sum of a plurality
of intrinsic mode functions and a residual;
identify one or more first intrinsic mode functions of the
plurality of intrinsic mode functions that are associated
with a noise signal, thereby obtaining one or more
second intrinsic mode functions of the plurality of
intrinsic mode functions that are different from the one
or more first intrinsic mode functions; and
calculate a denoised physiological signal by accumulating
the one or more second intrinsic mode functions.
2. The apparatus of claim 1, wherein each of the plurality
of intrinsic mode functions has a characteristic frequency,
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values of characteristic frequencies of the plurality of intrin-
sic mode functions are different from each other.

3. The apparatus of claim 2, wherein the memory stores
computer-executable instructions for controlling the one or
more processors to select one or more of the plurality of
intrinsic mode functions having characteristic frequencies
outside a range of acceptable characteristic frequencies as
the one or more first intrinsic mode functions.

4. The apparatus of claim 3, wherein the one or more first
intrinsic mode functions are associated with low frequency
baseline drifting.

5. (canceled)

6. The apparatus of claim 1, wherein the memory stores
computer-executable instructions for controlling the one or
more processors to:

prior to decompose a first physiological signal, filter a
high frequency noise from a second physiological
signal to obtain the first physiological signal.

7. (canceled)

8. The apparatus of claim 1, wherein the first physiologi-
cal parameter is a pulse wave; and the first physiological
signal is a photoplethysmogram signal;

the memory stores computer-executable instructions for
controlling the one or more processors to calculate a
ratio of a photoplethysmogram peak intensity to a
photoplethysmogram valley intensity in one cardiac
cycle; and

determine a photoplethysmogram intensity ratio based on
the ratio of the photoplethysmogram peak intensity to
the photoplethysmogram valley intensity in the one
cardiac cycle.

9. The apparatus of claim 1, wherein the memory further
stores computer-executable instructions for controlling the
one or more processors to obtain a first electrocardiography
R-wave signal; and

determine a time interval between an electrocardiography
R-wave peak of the first electrocardiography R-wave
signal and a peak of a first derivative of the denoised
physiological signal in one cardiac cycle; and

determine a pulse transit time based on the time interval.

10. The apparatus of claim 9, wherein the one or more
sensors are configured to detect an electrocardiography
R-wave of the subject to acquire a second electrocardiog-
raphy R-wave signal;

the memory stores computer-executable instructions for
controlling the one or more processors to filter a high
frequency noise from a second electrocardiography
R-wave signal thereby obtaining the first electrocardi-
ography R-wave signal.

11. The apparatus of claim 9, wherein the memory stores
computer-executable instructions for controlling the one or
more processors to determine the blood pressure of the
subject using a blood pressure calculation algorithm based
on the pulse transit time and the photoplethysmogram inten-
sity ratio.

12. The apparatus of claim 9, wherein the memory stores
computer-executable instructions for controlling the one or
more processors to determine the blood pressure of the
subject according to the following equations:
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wherein DBP is a diastolic blood pressure of the subject,
SBP is a systolic blood pressure of the subject, PTT is
the pulse transit time, PIR is the photoplethysmogram
intensity ratio, m is a body weight of the subject, h is
a height of the subject, and a, b, ¢, d, and e are constant
coefficients.

13. A method of determining a blood pressure of a subject,
comprising:

decomposing a first physiological signal corresponding to

a first physiological parameter using an empirical mode
decomposition algorithm into a sum of a plurality of
intrinsic mode functions and a residual;

identifying one or more first intrinsic mode functions of

the plurality of intrinsic mode functions that are asso-
ciated with a noise signal, thereby obtaining one or
more second intrinsic mode functions of the plurality of
intrinsic mode functions that are different from the one
or more first intrinsic mode functions; and
calculating a denoised physiological signal by accumu-
lating the one or more second intrinsic mode functions.

14. The method of claim 13, wherein each of the plurality
of intrinsic mode functions has a characteristic frequency,
values of characteristic frequencies of the plurality of intrin-
sic mode functions are different from each other.

15. The method of claim 14, wherein identifying the one
or more first intrinsic mode functions comprises selecting
one or more of the plurality of intrinsic mode functions
having characteristic frequencies outside a range of accept-
able characteristic frequencies as the one or more first
intrinsic mode functions.

16. The method of claim 15, wherein the one or more first
intrinsic mode functions are associated with low frequency
baseline drifting.

17. (canceled)

18. The method of claim 13, prior to decomposing the first
physiological signal, further comprising:

filtering a high frequency noise from a second physiologi-

cal signal thereby obtaining the first physiological
signal.

19. (canceled)

20. The method of claim 13, wherein the first physiologi-
cal parameter is a pulse wave; and the first physiological
signal is a photoplethysmogram signal;

the method further comprising:

calculating a ratio of a photoplethysmogram peak inten-

sity to a photoplethysmogram valley intensity in one
cardiac cycle; and

determining a photoplethysmogram intensity ratio based

on the ratio of the photoplethysmogram peak intensity
to the photoplethysmogram valley intensity in the one
cardiac cycle.

21. The method of claim 20, further comprising;

obtaining a first electrocardiography R-wave signal of the

subject;

determining a time interval between an electrocardiogra-

phy R-wave peak of the first electrocardiography
R-wave signal and a peak of a first derivative of the
denoised physiological signal in one cardiac cycle; and
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determining a pulse transit time based on the time inter-

val.

22. The method of claim 21, further comprising;

measuring an electrocardiography R-wave of the subject

to obtain a second electrocardiography R-wave signal;
and

filtering a high frequency noise from a second electrocar-

diography R-wave signal thereby obtaining the first
electrocardiography R-wave signal.

23. The method of claim 21, further comprising deter-
mining the blood pressure of the subject using a blood
pressure calculation algorithm based on the pulse transit
time and the photoplethysmogram intensity ratio.

24. The method of claim 23, wherein the blood pressure
of the subject is determined according to the following
equations:

_G moo. H
DBP= — +b— +c¢;and
PIR h
SBP= — 42 d ; @
“PRYETPETS

wherein DBP is a diastolic blood pressure of the subject,
SBP is a systolic blood pressure of the subject, PTT is
the pulse transit time, PIR is the photoplethysmogram
intensity ratio, m is a body weight of the subject, h is
a height of the subject, and a, b, c, d, and e are constant
coefficients.
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