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(57) ABSTRACT

An apparatus for estimating blood pressure may include: a
photoplethysmogram (PPG) sensor configured to measure a
PPG signal from a user; and a processor configured to:
extract a cardiovascular feature from the PPG signal; cal-
culate a first vanation in the extracted cardiovascular feature
compared to a reference cardiovascular feature measured at
a reference time; determine a measurement posture of the
PPG signal based on a time 1nterval between two wavetform
components of the PPG signal; 1n response to the measure-
ment posture corresponding to the reference posture, esti-
mate the blood pressure based on the first vaniation; and in

response to the measurement posture not corresponding to
the reference posture, obtain a second varnation by correct-
ing the first varation; and estimate blood pressure based on
the second vanation.
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FIG. 1
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FIG. 4B
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APPARATUS AND METHOD FOR
ESTIMATING BLOOD PRESSURE

CROSS-REFERENCE TO RELATED
APPLICATION(S)

[0001] This application claims priority from Korean Pat-
ent Application No. 10-2022-0164219, filed on Nov. 30,

2022, 1n the Korean Intellectual Property Oflice, the disclo-
sure¢ of which 1s incorporated herein by reference in its
entirety.

BACKGROUND

1. Field

[0002] Apparatuses and methods consistent with example
embodiments relate to estimating blood pressure by using a
photoplethysmogram (PPG) signal.

2. Description of the Related Art

[0003] Research on information technology (IT)-medical
convergence technology, 1n which I'T and medical technol-
ogy are combined, 1s being recently carried out to address
the aging population structure, rapid increase 1 medical
expenses, and shortage of specialized medical service per-
sonnel. Particularly, monitoring of the health condition of
the human body 1s not limited to a fixed place, such as a
hospital, but 1s expanding to a mobile healthcare sector for
monitoring a user’s health condition at any time and any
place i daily life at home and office. Electrocardiography
(ECG), photoplethysmogram (PPG), and electromyography
(EMG) signals are examples of bio-signals that indicate the
individual’s health condition. A variety of signal sensors are
being developed to measure such signals in daily life.
Particularly, 1n the case of a PPG sensor, it 1s possible to
estimate blood pressure of a human body by analyzing a
form of pulse wave that retlects a cardiovascular state.

[0004] According to a PPG bio-signal related research, the
whole PPG signal 1s a summation of a propagation wave
propagating from the heart to peripheral parts of a body and
reflection waves returning from the peripheral parts of the
body. It 1s known that information for use in estimating
blood pressure can be obtained by extracting various fea-
tures associated with propagation waves or retlection waves.

SUMMARY

[0005] According to an aspect of the present disclosure, an
apparatus for estimating blood pressure may include: a
photoplethysmogram (PPG) sensor configured to measure a
PPG signal from a user; and a processor configured to:
extract a cardiovascular feature from the PPG signal; cal-
culate a first vanation in the extracted cardiovascular feature
compared to a reference cardiovascular feature measured at
a reference time; determine a measurement posture of the
PPG signal based on a time 1nterval between two wavelform
components of the PPG signal; 1n response to the measure-
ment posture corresponding to the reference posture, esti-
mate the blood pressure based on the first variation; and in
response to the measurement posture not corresponding to
the reference posture, obtain a second variation by correct-
ing the first vanation; and estimate blood pressure based on
the second variation.
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[0006] The PPG sensor may include: a light source con-
figured to emait light to the user; and a detector configured to
detect light scattered or reflected from the user.

[0007] The processor may be further configured to: obtain
a variation in a difference between feature values of the two
wavelorm components compared to a difference between
feature values of two wavelorm components obtained at the
reference time 1n the reference posture; and in response to
the obtained variation being greater than or equal to a
threshold value, determine that the measurement posture
does not correspond to the reference posture.

[0008] The processor may be further configured to: obtain
a second dernivative signal of the PPG signal; and obtains a
time of a second local minimum point of the second deriva-
tive signal, and a time of a third local minimum point of the
second derivative signal, as the feature values of the two
wavelorm components.

[0009] The processor may be further configured to obtain
the second variation by subtracting a correction value from
the first variation.

[0010] The processor may be further configured to calcu-
late the correction value by multiplying an absolute value of
the first variation by a predetermined coeflicient.

[0011] The processor may be further configured to calcu-
late the correction value by dividing an amplitude value of
a retlection wave component of the PPG signal, measured at
the reference time 1n the reference posture, by an amplitude
value of a progressive wave component.

[0012] The cardiovascular feature may include a cardiac
output (CO) feature associated with CO and a total periph-
eral resistance (1TPR) feature associated with TPR.

[0013] The CO feature may include a ratio between a
maximum amplitude value of the PPG signal and an area of
a predetermined region of the PPG signal; and the TPR
feature may include a ratio between an amplitude value of a
first retlection wave component and an amplitude value of a
progressive wave component of the PPG signal.

[0014] The processor may be further configured to: 1n
response to the measurement posture of the PPG signal
corresponding to the reference posture, combine the first
variation 1n the CO feature and the first variation in the TPR
feature, and estimate the blood pressure based on a combi-
nation of the first variation in the CO {feature and the first
variation in the TPR feature; and in response to the mea-
surement posture not corresponding to the reference posture,
combine the second vanation in the CO {feature and the
second variation in the TPR feature, and estimate the blood
pressure based on a combination of the second variation in
the CO feature and the second variation in the TPR {feature.

[0015] The processor may be further configured to: 1n
response to the measurement posture of the PPG signal
corresponding to the reference posture, estimate the blood
pressure by mputting the combination of the first variation in
the CO feature and the first variation 1n the TPR feature, and
a reference blood pressure to a blood pressure estimation
model; and 1n response to the measurement posture not
corresponding to the reference posture, estimate the blood
pressure by iputting the combination of the second varia-
tion 1n the CO feature and the second variation in the TPR
feature, and the reference blood pressure to the blood
pressure estimation model.

[0016] According to another aspect of the present disclo-
sure, a method of estimating blood pressure may include:
measuring a photoplethysmogram (PPG) signal from a user;
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extracting a cardiovascular feature from the PPG signal;
calculating a first vanation in the extracted cardiovascular
teature compared to a reference cardiovascular feature mea-
sured at a reference time; determining a measurement pos-
ture of the PPG signal based on a time interval between two
wavetorm components of the PPG signal; 1n response to the
measurement posture corresponding to the reference pos-
ture, estimating the blood pressure based on the first varia-
tion; and 1n response to the measurement posture not cor-
responding to the reference posture, obtaining a second
variation by correcting the first variation and estimating
blood pressure based on the obtained second variation.
[0017] The determining of the measurement posture may
include: obtaining a variation 1n a difference between feature
values of the two wavelorm components compared to a
difference between feature values of two wavelorm compo-
nents obtained at the reference time 1n the reference posture;
and 1n response to the obtained variation being greater than
or equal to a threshold value, determiming that the measure-
ment posture does not correspond to the reference posture.
[0018] The determining of the measurement posture may
include: obtaining a second derivative signal of the PPG
signal; and obtaining a time of a second local minimum
point of the second derivative signal, and a time of a third
local minimum point of the second derivative signal, as the
feature values of the two waveform components.

[0019] The obtaiming of the second variation may 1nclude
obtaining the second variation by subtracting a correction
value from the first vanation.

[0020] The method may further include: calculating the
correction value by multiplying an absolute value of the first
variation by a predetermined coeflicient.

[0021] The method may further include: calculating the
correction value by dividing an amplitude value of a retlec-
tion wave component of the PPG signal, measured at the
reference time 1n the reference posture, by an amplitude
value of a progressive wave component.

[0022] The cardiovascular feature may further include a
cardiac output (CO) feature associated with CO and a total
peripheral resistance (TPR) feature associated with TPR
[0023] The CO feature may include a ratio between a
maximum amplitude value of the PPG signal and an area of
a predetermined region of the PPG signal; and the TPR
feature may include a ratio between an amplitude value of a
first retlection wave component and an amplitude value of a
progressive wave component of the PPG signal.

[0024] The estimating of the blood pressure may include:
in response to the measurement posture of the PPG signal
corresponding to the reference posture, combining the first
variation 1n the CO feature and the first variation in the TPR
feature, and estimating the blood pressure based on a com-
bination of the first variation 1n the CO feature and the first
variation 1n the TPR feature; and in response to the mea-
surement posture not corresponding to the reference posture,
combining the second variation in the CO feature and the
second variation in the TPR feature, and estimating the
blood pressure based on a combination of the second varia-
tion 1n the CO feature and the second variation in the TPR
feature.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] The above and/or other aspects will be more appar-
ent by describing certain example embodiments, with ret-
erence to the accompanying drawings, in which:
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[0026] FIG. 1 15 a block diagram 1llustrating an apparatus
for estimating blood pressure according to an embodiment
of the present disclosure;

[0027] FIG. 2 1s a diagram explaining the principle of
generating component wavelorms of a PPG signal;

[0028] FIG. 3 15 a block diagram 1llustrating an apparatus
for estimating blood pressure according to another embodi-
ment of the present disclosure;

[0029] FIGS. 4A, 4B, and 4C are diagrams 1llustrating an
example of providing information related to estimating
blood pressure by an electronic device;

[0030] FIG. 5 1s a flowchart illustrating a method of
estimating blood pressure according to an embodiment of

the present disclosure; and

[0031] FIGS. 6 to 8 are diagrams 1illustrating examples of
various structures of an electronic device including an
apparatus for estimating blood pressure.

DETAILED DESCRIPTION

[0032] Example embodiments are described 1n greater
detail below with reference to the accompanying drawings.

[0033] Inthe following description, like drawing reference
numerals are used for like elements, even 1n different
drawings. The matters defined in the description, such as
detailed construction and elements, are provided to assist in
a comprehensive understanding of the example embodi-
ments. However, 1t 1s apparent that the example embodi-
ments can be practiced without those specifically defined
matters. Also, well-known functions or constructions are not
described in detail since they would obscure the description
with unnecessary detail.

[0034] Details of other embodiments are included 1n the
following detailed description and drawings. Advantages
and features of the present mmvention, and a method of
achieving the same will be more clearly understood from the
following embodiments described in detail with reference to
the accompanying drawings. Throughout the drawings and
the detailed description, unless otherwise described, the
same drawing reference numerals will be understood to refer
to the same elements, features, and structures.

[0035] It will be understood that, although the terms
“first,” “second,” etc. may be used herein to describe various
clements, these elements should not be limited by these
terms. These terms are only used to distinguish one element
from another. Any references to singular may include plural
unless expressly stated otherwise. In addition, unless explic-
itly described to the contrary, an expression such as “com-
prising” or “including” will be understood to 1mply the
inclusion of stated elements but not the exclusion of any
other elements. Also, the terms, such as “unit” or “module”,
etc., should be understood as a unit for performing at least
one function or operation and that may be embodied as
hardware, software, or a combination thereof. Expressions
such as ““at least one of,” when preceding a list of elements,
modily the entire list of elements and do not modity the
individual elements of the list. For example, the expression,
“at least one of a, b, and c¢,” should be understood as
including only a, only b, only ¢, both a and b, both a and c,
both b and c, all of a, b, and ¢, or any variations of the
alorementioned examples.

[0036] FIG. 1 15 a block diagram 1llustrating an apparatus
for estimating blood pressure according to an embodiment
of the present disclosure.
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[0037] Various embodiments of an apparatus for estimat-
ing blood pressure, which will be described below, may be
implemented as electronic devices including a smartphone,
a tablet PC, a desktop computer, a laptop computer, or
various types ol wearable devices, such as wristwatches,
bracelets, wristbands, rings, glasses, headbands, and the like.
In addition, various embodiments which will be described
below may be used for estimating a variety of cardiovascular
information including blood pressure, arrhythmia, vascular
age, skin elasticity, skin age, arterial stiflness, aortic pressure
wavelorm, stress index, fatigue level, and the like.

[0038] Referring to FIG. 1, an apparatus 100 for estimat-
ing blood pressure includes a sensor 110 and a processor
120.

[0039] The sensor 110 may measure a bio-signal from a

body part of a user where bio-signals are easily detectable,
such as a wrist skin area that 1s adjacent to the radial artery,
or a skin area where capillary blood or venous blood passes,
or a peripheral part of the body with high blood vessel
density, including fingers and toes. The bio-signal may
include Photoplethysmogram (PPG), Electrocardiography
(ECG), Electromyography (EMG), impedance plethysmo-
gram (IPG), Pressure wave, video plethysmogram (VPG),
and other related signals. The following description will be

given using a PPG signal as an example.

[0040] For example, the sensor 110 may include a light
source 111 configured to emit light to an object and a
detector 112 configured to detect light scattered or retlected
from or transmitted into the object. The sensor 110 may
measure a PPG signal from the object by using the light
source 111 and the detector 112. The light source 111 may
include a light emitting diode (LED), a laser diode (D), a
phosphor, and the like. The light source 111 may be formed
as a single light source or an array of a plurality of light
sources to emit light of one or more wavelengths (e.g.,
green, red, blue, and infrared wavelengths). The detector 112
may include a photo diode, a photo transistor (Plr), an
image sensor (e.g., complementary metal-oxide semicon-
ductor (CMOS) 1image sensor), etc., and may be formed as
a single detector or an array of a plurality of detectors.

[0041] The processor 120 may be electrically or function-
ally connected to the sensor 110 to control the sensor 110
and to obtain a PPG signal. Under the control of the
processor 120, the sensor 110 may measure the PPG signals
continuously or at predetermined time intervals (e.g., one
hour, two hours, four hours, etc.). The processor 120 may
receive 1n real time the PPG signals from the sensor 110.
Upon recerving the PPG signal from the sensor 110, the
processor 120 may perform preprocessing on the PPG
signal. For example, the processor 120 may perform signal
correction, such as filtering (e.g., band-pass filtering
between 0.4 Hz and 10 Hz), amplification of the PPG signal,
converting the signal mto a digital signal, smoothing,
ensemble averaging of continuously measured PPG signals,
and the like. In addition, the processor 120 may obtain a
representative waveform from the entire wavetform of the
received PPG signal, and may estimate blood pressure by
analyzing the obtained representative waveform. For
example, the processor 120 may extract a representative
wavelorm of one cycle by using a difference between lowest
points 1n the entire waveform of the PPG signal. In this case,
the processor 120 may obtain a plurality of unit waveforms
of one cycle from the wavetorm of the PPG signal, and may
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obtain the representative waveform by using any one or a
combination of two or more of the plurality of unit wave-
forms.

[0042] The processor 120 may extract a cardiovascular
feature associated with blood pressure from the PPG signal
and may estimate blood pressure based on the extracted
cardiovascular feature.

[0043] A vaniation in mean arterial pressure (MAP) 1is
proportional to cardiac output (CO) and total peripheral
resistance (IPR), as shown 1n the following Equation 1.

AMAP=COx'TPR [Equation 1]

[0044] Herein, AMAP denotes a diflerence m MAP
between the left ventricle and the right atrium, in which
MAP of the right atrium 1s generally within a range of 3
mmHg to 5 mmHg,, such that the MAP 1n the right atrium 1s
similar to MAP 1n the left ventricle or MAP of the upper
arm. If absolute actual CO and TPR values are known, MAP
may be obtained from the aorta or the upper arm. However,
it may be difficult to estimate absolute CO and TPR values
based on a PPG signal.

[0045] Accordingly, the processor 120 may extract, {from
the PPG signal, a CO feature associated with CO or a TPR
feature associated with TPR, and may estimate blood pres-
sure by using the extracted CO {feature and TPR feature.
Here, the CO feature may be a feature value which shows an
increasing or decreasing trend in proportion to an actual CO
value which relatively increases or decreases. Further, the
TPR feature may be a feature value which shows an increas-
ing or decreasing trend 1n proportion to an actual TPR value
which relatively increases or decreases.

[0046] The processor 120 may calculate a ratio (P, ./
PPG__ ) between a maximum amplitude value P, and a
wavelorm area of the PPG signal as the CO feature. The
maximum amplitude value P, . may be an amplitude value
of a pomnt at which a slope 1s closest to zero 1n a systolic
region of the PPG signal or an amplitude value correspond-
ing to a first local minimum point 1n a second derivative
signal of the PPG signal. The waveform area PPG_ __ may
be a total area under the wavelorm or an area of a prede-
termined region of the PPG signal. The predetermined
region may be defined as a region between t,xT ., and
T, X1 where T de notes one cycle time, T, and T,

peric}dﬂi period )
denote arbitrary values, and T, 1s greater than T,.

[0047] The processor 120 may calculate a ratio (P2/P1)
between an amplitude P1 of a progressive wave component
and an amplitude P2 of a first reflection wave component as
the TPR feature. The amplitudes P1 and P2 may be ampli-
tude values of the PPG signal that correspond to time values
T1 and T2 of a first local minmimum point and a second local
minimum point.

[0048] However, the features are not limited to the above
examples, and the processor 120 may extract a combination
of values, such as heart rate (HR), time values of each of
local minimum points 1n the second derivative signal, a time
value obtained by internally dividing time values of two
adjacent local minimum points, amplitude values of the PPG
signal that correspond to the time values, cycle of the PPG
signal, pulse pressure, etc., as the CO {feature or the TPR
feature.

[0049] Upon extracting the CO feature and/or the TPR

teature, the processor 120 may obtain variations in the CO
teature and TPR feature compared to a reference CO feature
and a reference TPR feature, and may estimate blood
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pressure by using the obtained variations. In this case, the
reference CO feature and the reference TPR feature may
refer to features extracted from the PPG signal measured at
a reference time 1n a reference posture. In this case, the
reference time may refer to a calibration time when a user 1s
at rest, and the reference posture may be a sitting posture.

‘&.f:::a :.f.:::o,,m ea_f:::o,,caf

AN rpr=TrPr mea S TPR cal [Equation 2]

[0050] Herein, Af -, denotes the variation in CO feature,
Aty denotes a variation in TPR feature, ., .., denotes the
CO feature at a time when blood pressure 1s estimated,
t oo ca; denotes the CO feature at the reterence time, 1,5 ...
denotes the TPR feature at a time when blood pressure 1s
estimated, 1., .., denotes the TPR feature at the reference
time.

[0051] FIG. 2 1s a diagram explaining the principle of
generating component wavelforms of a PPG signal.

[0052] Referring to FIG. 2, a PPG signal may be generally
a summation of a progressive wave P1 propagating {from the
heart by blood ejection from the left ventricle toward
peripheral parts of the body and vascular branching points,
and reflection waves P2, P3, P4, and P5 returning from the
peripheral parts of the body or the vascular branching points.
As described above, the progressive wave Pl 1s associated
with cardiac characteristics, and the reflection waves P2, P3,
P4, and P5 are associated with vascular characteristics.
Generally, the progressive wave generated by blood ejection
from the left ventricle are mainly reflected from the renal
arteries and the iliac arteries to generate a first reflection
wave P2 and a second retlection wave P3. As illustrated
herein, when a user changes to the supine position (e.g.,
during sleep), hydrostatic pressure decreases in the renal
arteries and the 1liac arteries. The decrease 1n the hydrostatic
pressure leads to a change in wavetform even when no blood
pressure change occurs in the aorta adjacent to the heart,
thereby causing a change in cardiovascular feature associ-
ated with blood pressure.

[0053] Once the sensor 110 measures the PPG signal, the
processor 120 may detect a measurement posture of the PPG
signal. By using two different wavetform components of the
PPG signal, the processor 120 may determine whether a
user’s posture during measurement of the PPG signal 1s the
supine posture (during sleep). For example, the processor
120 may obtain feature values of the two wavelorm com-
ponents, and may determine the PPG signal measurement
posture based on a diflerence between the obtained feature
values of the two wavetform components. In this case, the
feature values may be time values, but are not limited
thereto. Further, the two wavelorm components may be the
first reflection wave component and the second reflection
wave component, and a time of the first reflection wave
component and a time of the second reflection wave com-
ponent may be obtained based on second and third local
mimmum points which respectively appear second and third
in the second derivative signal of the PPG signal. For
example, the processor 120 may obtain a time of an inter-
nally dividing point (e.g., middle point) between times of
local maximum points, which appear on both sides of the
second local minimum point, and a time of an internally
dividing point (e.g., middle point) between times of local
maximum points, which appear on both sides of the third
local minimum point, as the time of the first reflection wave
component and the time of the second reflection wave

cal
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component, respectively. In another example, the processor
120 may obtain a time of the second local minimum point
and a time of the third local minimum point as the time of
the first reflection wave component and the time of the
second reflection wave component, respectively. However,
the feature values are not limited thereto.

[0054] Upon obtaining a difference between the feature
values of the two wavelorm components, the processor 120
may obtain a vanation in the difference compared a differ-
ence between feature values of two wavelorm components
obtained at the reference time 1n the reference posture. The
following Equation 3 1s an example of obtaining a variation
from a time 1nterval between the two wavetform components
obtained at the reference time 1n the reference posture.

A(T3-15)7(153-15) mea— T3~ 15)

[0055] Herein, A(T,-T,) denotes the variation in the time
interval between the two wavelorm components measured at
two different times, namely a reference time (e.g., a cali-
bration time) and a blood pressure estimation time, (T,-T,)
_ .., denotes the time interval between the two waveform
components at the blood pressure estimation time, and
(T;-T,). , denotes the time interval between the two wave-
form components at the reference time.

[0056] Upon obtaining the variation in the feature values
of the two waveform components, the processor 120 may
compare the variation with a threshold value, and 1f the
variation 1s greater than or equal to the threshold value, the
processor 120 may determine that a user’s measurement
posture 1s the supine posture, and 1 not, the processor 120
may determine that the user’s measurement posture 1s the
reference posture. Upon determining that the measurement
posture 1s the reference posture, the processor 120 may
estimate blood pressure by using per se the CO feature
variation (Af.,) and the TPR feature variation (Al )
which are obtained using Equation 2, and upon determining
that the measurement posture i1s the supine posture, the
processor 120 may correct the CO feature vanation (Af,)
and the TPR feature variation (Af,,,) and may estimate
blood pressure by using the corrected variations.

[0057] For example, upon determining that a user’s mea-
surement posture 1s the supine posture, the processor 120
may subtract a correction value for a change 1n posture from
the CO {feature vanation before correction and the TPR
feature variation before correction. In this case, the correc-
tion value may be predefined as various values.

[0058] For example, the processor 120 may define a value,
indicating a change in wavetorm of the PPG signal during
blood pressure estimation, as the correction value. If there 1s
a large variation 1n cardiovascular feature due to a change 1n
intravascular pressure (hydrostatic pressure+reference blood
pressure), the wavelform may change significantly even due
to a change 1n hydrostatic pressure. Accordingly, a value,
obtained by multiplying an absolute value of the feature
variation before correction by a predetermined coeflicient,
may be defined as the correction value that indicates the
change 1 waveform of the PPG signal, as shown in the
following Equation 4.

Af:::a :‘&f;o@re_g caefx |£‘f:;o:pr€ |

[Equation 3]

&fTPR :&fTPR@re_gcaeﬁ |&fTPR;?r€ [E(:_[Uﬂtiﬂﬂ 4]

[0059] Heremn, g_, rdenotes the predetermined coeflicient
and may be, for example, a value less than or equal to 1. The
coellicient may be adjusted to various values for improving

e
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device performance and may be defined differently for each
of the CO feature and the TPR feature.

[0060] In another example, a value associated with a
change 1n a user’s aortic characteristics may be defined as
the correction value. Generally, even 1n a similar hydrostatic
pressure change, the change in waveform may be propor-
tional to a degree of change 1n vascular characteristics of the
central artery, 1.e., elasticity of the aorta, or may be inversely
proportional to stiffness thereof. Accordingly, as shown 1n
the following Equation 5, a value that 1s proportional to the
reciprocal of the ratio (P2/P1) between the amplitude P1 of
the progressive wave component and the amplitude P2 of the
first reflection wave component, which are measured at the
reference time 1n the reference posture, as the correction

value associated with a user’s arterial elasticity.

[Equation 5]

Afeo = A foo, pre — 0.08
Jeo = Beo g (P2/P1)

cal

A = A o — .08 X
Jfrrr = AfrPr ) P2PT)

cal

[0061] The value of 0.08 1s provided here 1s just an
example, and can be adjusted based on individual user
characteristics. In addition, the CO feature and the TPR
feature may have different values, and (P2/P1)__, denotes the
ratio between the amplitude of the progressive wave com-
ponent and the amplitude of the first reflection wave com-
ponent which are measured at the reference time in the
reference posture.

[0062] In another example, a fixed correction value may
be defined and commonly applied to a plurality of users.
Hydrostatic pressure around the aorta 1s relatively consistent
among 1ndividuals due to a vascular length of the central
aorta and the little effect of a posture change. Accordingly,
assuming that there 1s little difference 1n varnation of car-
diovascular characteristics due to a posture change, a pre-
determined arbitrary constant value may be defined as the
correction value, as shown in the following Equation 6.

AfCG:MCD,pFE_fEG, off

A rpr=4. TPR,pre_f TPR,off [Equation 6]

[0063] Herein, Af_, . denotes the CO feature variation
before correction, Af ;5 . denotes the TPR feature varia-
tion before correction, f_, - denotes a fixed constant value
for the CO teature, and . , -denotes a fixed constant value
for the TPR feature. In this case, the fixed constant value
may be defined as about 0.1 and may be defined differently
for each of the CO feature and the TPR feature.

[0064] The processor 120 may estimate blood pressure by
using the CO feature variation and the TPR feature variation
after correcting for variations in the supine posture. The CO
feature variation and the TPR feature variation may refer to
variations after correction when the measurement posture 1s
the supine posture. The processor 120 may linearly combine
the CO feature variation and the TPR feature variation as
shown 1n the following Equation 7, and may estimate blood
pressure by inputting the combined value to a blood pressure
estimation model as shown 1n the following Equation 8. The
blood pressure estimation model 1s not limited thereto, and
may be a neural network-based model trained by regression

analysis, deep learning, and the like.

ASf o =WIXAf FW2XAfrp [Equation 7]
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[0065] Herein, Af___, denotes a value obtained by com-
bining the CO feature variation and the TPR feature varia-
tion, and wl and w2 denote coefficients predefined for the
respective feature variations.

BP :f (Af comb)_l-B P off

[0066] Herein, f(Af__ _,) denotes a function for the value
obtained by combining the feature vanations and 1s defined
in the form of various functions, and may be a function for
multiplying a predetermined scaling factor. BP . denotes a
reference blood pressure value measured at the reference
time by a cuff sphygmomanometer and the like.

[0067] The processor 120 may compare blood pressure,
estimated during sleep in the supine posture, with blood
pressure estimated in the reference posture. Based on this
comparison, the processor 120 may predict a variety of
information related to cardiovascular diseases. For example,
if a blood pressure level during sleep does not fall by a
threshold value or more compared to a blood pressure level
during non-sleep, or if the blood pressure level during sleep
1s not within a normal blood pressure range, the processor
120 may guide a user on the risk of developing cardiovas-

cular diseases, such as thrombosis, orthostatic hypotension,
and the like.

[0068] FIG. 3 1s a block diagram 1llustrating an apparatus
for estimating blood pressure according to another embodi-
ment of the present disclosure. FIGS. 4A to 4C are diagrams
1llustrating an example of providing information related to
estimating blood pressure by an apparatus for estimating
blood pressure.

[0069] Referring to FIG. 3, an apparatus 300 for estimat-
ing blood pressure includes the sensor 110, the processor
120, a communication interface 310, an output interface
320, and a storage 330. The sensor 110 and the processor
120 are described in detail above, such that a description
thereof will be omitted below.

[Equation 8]

[0070] The communication interface 310 may be electri-
cally connected to the processor 120 and may transmit and
recelve data with another electronic device under the control
of the processor 120. In this case, the data may include
reference blood pressure, blood pressure estimation models,
estimated blood pressure values, and the like. Examples of
another electronic device may include a blood pressure
measuring device such as a cuff sphygmomanometer, a
smartphone, a tablet PC, a desktop computer, a laptop
computer, and the like. However, the electronic device 1s not
limited thereto. In this case, the communication techniques
may include Bluetooth communication, Bluetooth Low
Energy (BLE) communication, Near Field Communication
(NFC), WLAN communication, Zigbee communication,
Infrared Data Association (IrDA) communication, Wi-Fi
Direct (WFD) communication, Ultra-Wideband (UWB)
communication, Ant+ communication, WIFI communica-
tion, 3G, 4G, and 5G communications, and the like. How-
ever, the communication techniques are not limited thereto.

[0071] The output interface 320 may output processing
results of the sensor 110 and/or the processor 120 and may
provide the results to a user. The output interface 320 may
provide the user with information by various visual/non-
visual methods using a visual output module such as a
display, an audio output module such as a speaker, or a
haptic module using vibrations, tactile sensation, and the

like.
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[0072] For example, referring to FIGS. 4A and 4B, the
output interface 320 may display a blood pressure estimation
result 411 on a display DP disposed on a main body MB of
the apparatus 300 for estimating blood pressure. The output
interface 320 may output a text, such as “blood pressure
measured during sleep.” If the sensor 110 1s not 1n normal
contact with an object during sleep, such that no PPG signal
1s measured, or 1f 1t 1s determined that a quality of the PPG
signal 1s abnormal, the output intertace 320 may output a
text 412, such as “measurement failed,” as 1llustrated in FIG.
4B. In addition, 1f the PPG signal 1s measured every hour
during sleep as illustrated in FIG. 4C, the output interface
320 may display a measurement result in a visual graph 413.
In this case, if a user selects a graphic object B1 at a specific
time on the graph 413, the output interface 320 may display
a blood pressure estimation result at a corresponding time
(e.g., 2:00 am.) as 1llustrated 1n FIG. 4A. In addition, 11 the
user selects a graphic object B3, the output interface 320
may display information about the measurement failure at a
corresponding time, €.g., 4:00 a.m., as illustrated 1n FIG. 4B.
However, the output interface 320 1s not limited thereto.

[0073] The storage 330 may store data necessary for the
sensor 110 and/or the processor 120, and/or the processing
results of the sensor 110 and/or the processor 120. For
example, the storage 330 may store a blood pressure esti-
mation model, a threshold value, user characteristics (e.g.,
gender, age, health condition, etc.), a bio-signal, an esti-
mated blood pressure value, a reference feature at a refer-
ence time, a reference blood pressure, and the like. The
storage 330 may include at least one storage medium of a
flash memory type memory, a hard disk type memory, a
multimedia card micro type memory, a card type memory
(e.g., an SD memory, an XD memory, etc.), a Random
Access Memory (RAM), a Static Random Access Memory
(SRAM), a Read Only Memory (ROM), an FElectrically
Erasable Programmable Read Only Memory (EEPROM), a
Programmable Read Only Memory (PROM), a magnetic
memory, a magnetic disk, and an optical disk, and the like,
but 1s not limited thereto.

[0074] FIG. S5 1s a flowchart illustrating a method of
estimating blood pressure according to an embodiment of
the present disclosure. The method of estimating blood
pressure 1n FIG. 5 may be performed by the aforementioned
apparatuses 100 and 300 for estimating blood pressure.

[0075] First, the apparatus for estimating blood pressure
may measure a PPG signal in operation 511. In this case, the
apparatus for estimating blood pressure may perform pre-
processing, such as filtering the input PPG signal, extracting,
a representative wavetorm, and the like.

[0076] Then, the apparatus for estimating blood pressure
may extract a cardiovascular feature from the PPG signal in
operation 512. The cardiovascular feature may include a CO
teature and a TPR feature which are associated with blood
pressure. The CO feature may represent a ratio between a
maximum amplitude value 1n a systolic region and a wave-
form area. The TPR feature may represent a ratio between an
amplitude of a progressive wave component and an ampli-
tude of a first reflection wave component.

[0077] Subsequently, the apparatus for estimating blood
pressure may obtain a first variation in the cardiovascular
feature (e.g., a variation Af,., 1n the CO {feature, and a
variation Al ., 1 the TPR feature), extracted 1n operation
512, compared to a reference feature obtained from a PPG
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signal measured at a reference time 1n a reference posture
(e.g., a sitting posture, or a lying down posture) 1n operation
513.

[0078] Next, the apparatus for estimating blood pressure
may extract times T1 and T7 of two wavelorm components of
the PPG signal in operation 514. In this case, the two
wavelorm components may be a first reflection wave and a
second reflection wave, and as described above, times
obtained based on second and third local minimum points,
which appear second and third in a second derivative signal,
may be obtained as a time of the first reflection wave and a
time of the second reflection wave, respectively.

[0079] Then, the apparatus for estimating blood pressure
may obtain a time interval (T7-T1) between the two wave-
form components and may obtain a variation (A(T7-T1)) 1n
the time 1nterval (17-T1) between the two wavelorm com-
ponents compared to a reference time interval between two
wavelorm components obtained at the reference time in
operation 315.

[0080] Subsequently, the apparatus for estimating blood
pressure may compare the variation, obtained 1n operation
515, with a threshold value Tth in operation 516.

[0081] Upon comparison, i the variation 1s less than the
threshold value, the apparatus for estimating blood pressure
may estimate blood pressure 1n operation 517 by using the
first variation obtained 1n operation 513.

[0082] Upon comparison, if the variation 1s greater than
the threshold value, the apparatus for estimating blood
pressure may obtain a second variation in operation 518 by
correcting the first variation. For example, by using, as a
correction value, an arbitrary fixed value (e.g., ¢l 4., and
C2, z..) Which may be commonly applied to all users, a value
(e.g., t1,,, .., and 12 , . ) associated with vascular compli-
ance of each individual user, or a value (e.g., gl ___ *IAT__|
and g2 -*|Al;.l) obtamned by considering a change in
wavelorm of the PPG signal measured 1n operation 511, the
apparatus for estimating blood pressure may obtain the
second variation (e.g., (Afop—Cl . Alppr—C2,4..),
(Atcotlgpjecer Mlrpr—125000)s O (Atco—gl 07 1AL, I,
Atpr=22 .5 |AtpRl)) by subtracting the correction value
from the first variation.

[0083] Next, the apparatus for estimating blood pressure
may estimate blood pressure by using the second variation

in operation 519.

[0084] Then, the apparatus for estimating blood pressure
may output the estimated blood pressure value 1n operation
520. For example, the apparatus for estimating blood pres-
sure may output an estimated blood pressure value at a
specific time point or a trend graph of estimated blood
pressure values over a predetermined period of time, etc.,
and 1f an estimated blood pressure value 1s not within a
(predetermined) normal range, the apparatus for estimating
blood pressure may output warning information.

[0085] FIGS. 6 to 8 are diagrams 1llustrating examples of
various structures of an electronic device including an
apparatus for estimating blood pressure.

[0086] The electronic device may include, for example,
various types of wearable devices, e.g., a smart watch, a
smart band, smart glasses, smart earphones, a smart ring, a
smart patch, and a smart necklace, and a mobile device such
as a smartphone, a tablet PC, etc., or home appliances or
vartous Internet of Things (IoT) devices (e.g., home IoT
device, etc.) based on Internet of Things (IoT) technology.
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[0087] The electronic device may include a sensor device,
a processor, an mput device, a communication module, a
camera module, an output device, a storage device, and a
power module. All the components of the electronic device
may be mtegrally mounted in a specific device or may be
distributed 1n two or more devices. The sensor device may
include the sensor 110 of the apparatuses 100 and 300 for
estimating blood pressure, and may further include an addi-
tional sensor, such as a gyro sensor, a Global Positioning

System (GPS), and the like.

[0088] The processor may execute programs, stored in the
storage device, to control components connected to the
processor, and may perform various data processing or
computation, including estimation of bio-information. The
processor may include a main processor, e.g., a central
processing unit (CPU) or an application processor (AP), etc.,
and an auxiliary processor, €.g., a graphics processing unit
(GPU), an 1mage signal processor (ISP), a sensor hub
processor, or a communication processor (CP), etc., which 1s
operable independently from, or in conjunction with, the
main processor.

[0089] The mput device may receive a command and/or
data to be used by each component of the electronic device,
from a user and the like. The mput device may include, for
example, a microphone, a mouse, a keyboard, or a digital
pen (e.g., a stylus pen, etc.).

[0090] The communication module may support establish-
ment of a direct (e.g., wired) communication channel and/or
a wireless communication channel between the electronic
device and other electronic device, a server, or the sensor
device within a network environment, and performing of
communication via the established communication channel.
The communication module may include one or more com-
munication processors that are operable independently from
the processor and supports a direct communication and/or a
wireless communication. The communication module may
include a wireless communication module, e.g., a cellular
communication module, a short-range wireless communica-
tion module, or a global navigation satellite system (GNSS)
communication module, etc., and/or a wired communication
module, e.g., a local area network (LAN) communication
module, a power line communication (PLC) module, and the
like. These various types of communication modules may be
integrated 1nto a single chip, or may be separately imple-
mented as multiple chips. The wireless communication
module may 1dentily and authenticate the electronic device
700 1n a communication network by using subscriber infor-
mation (e.g., nternational mobile subscriber 1dentity
(IMSI), etc.) stored 1n a subscriber identification module.

[0091] The camera module may capture still 1mages or
moving 1mages. The camera module may include a lens
assembly having one or more lenses, image sensors, 1mage
signal processors, and/or flashes. The lens assembly
included 1n the camera module may collect light emanating
from a subject to be 1maged.

[0092] The output device may visually/non-visually out-
put data generated or processed by the electronic device. The
output device may include a sound output device, a display
device, an audio module, and/or a haptic module.

[0093] The sound output device may output sound signals
to the outside of the electronic device. The sound output
device may include a speaker and/or a recerver. The speaker
may be used for general purposes, such as playing multi-
media or playing record, and the receiver may be used for
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incoming calls. The recerver may be implemented separately
from, or as part of, the speaker.

[0094] The display device may visually provide informa-
tion to the outside of the electronic device. The display
device may include, for example, a display, a hologram
device, or a projector and control circuitry to control the
devices. The display device may include touch circuitry
adapted to detect a touch, and/or sensor circuitry (e.g.,
pressure sensor, etc.) adapted to measure the intensity of
force mcurred by the touch.

[0095] The audio module may convert a sound nto an
clectrical signal or vice versa. The audio module may obtain
the sound via the mput device, or may output the sound via
the sound output device, and/or a speaker and/or a head-
phone of another electronic device directly or wirelessly
connected to the electronic device.

[0096] The haptic module may convert an electrical signal
into a mechanical stimulus (e.g., vibration, motion, etc.) or
clectrical stimulus which may be recognmized by a user by
tactile sensation or kinesthetic sensation. The haptic module
may include, for example, a motor, a piezoelectric element,
and/or an electric stimulator.

[0097] The storage device may store operating conditions
required for operating the sensor device, and various data
required for other components of the electronic device. The
vartous data may include, for example, input data and/or
output data for software and instructions related thereto. The
storage device may include a volatile memory and/or a
non-volatile memory.

[0098] The power module may manage power supplied to
the electronic device. The power module may be 1mple-
mented as part of, for example, a power management
integrated circuit (PMIC). The power module may include a
battery, which may include a primary cell which 1s not

rechargeable, a secondary cell which 1s rechargeable, and/or
a fuel cell.

[0099] Referring to FIG. 6, the electronic device may be
implemented as a wristwatch wearable device 600, and may
include a main body and a wrist strap. A display 1s provided
on a front surface of the main body, and may display various
application screens, including time information, received
message information, and the like. A sensor device 610 may
be disposed on a rear surface of the main body.

[0100] Referring to FIG. 7, the electronic device may be
implemented as a mobile device 700 such as a smartphone.
The mobile device 700 may include a housing and a display
panel. The housing may form an exterior of the mobile
device 700. The housing has a first surface, on which a
display panel and a cover glass may be disposed sequen-
tially, and the display panel may be exposed to the outside
through the cover glass. A sensor device 710, a camera
module and/or an infrared sensor, and the like may be
disposed on a second surface of the housing. The processor
and various other components may be disposed in the
housing.

[0101] Referring to FIG. 8, the electronic device may be
implemented as an ear-wearable device 800. The ear-wear-
able device 800 may include a main body and an ear strap.
A user may wear the ear-wearable device 800 by hanging the
car strap on the auricle. The ear strap may be omitted
depending on a shape of the ear-wearable device 800. The
main body may be inserted into the external auditory
meatus. A sensor device 810 and a processor may be
mounted 1 the main body, and blood pressure may be
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estimated by using a PPG signal measured by the sensor
device 810. Alternatively, the ear-wearable device 800 may
estimate blood pressure by interworking with an external
device. For example, the PPG signal, measured by the sensor
device 810 of the ear-wearable device 800, may be trans-
mitted to an external device, e.g., a smartphone, a tablet PC,
etc., through a communication module provided in the main
body, so that a processor of the external device may estimate
blood pressure, and the estimated blood pressure value may
be visually output to a display of the external device, and
may be output through a sound output module provided in
the main body of the ear-wearable device 800.

[0102] While not restricted thereto, an example embodi-
ment can be embodied as computer-readable code on a
computer-readable recording medium. The computer-read-
able recording medium 1s any data storage device that can
store data that can be thereafter read by a computer system.
Examples of the computer-readable recording medium
include read-only memory (ROM), random-access memory
(RAM), CD-ROMs, magnetic tapes, tloppy disks, and opti-
cal data storage devices. The computer-readable recording
medium can also be distributed over network-coupled com-
puter systems so that the computer-readable code 1s stored
and executed m a distnnbuted fashion. Also, an example
embodiment may be written as a computer program trans-
mitted over a computer-readable transmission medium, such
as a carrier wave, and received and implemented in general-
use or special-purpose digital computers that execute the
programs. Moreover, 1t 1s understood that i example
embodiments, one or more units of the above-described
apparatuses and devices can include circuitry, a processor, a
microprocessor, etc., and may execute a computer program
stored 1n a computer-readable medium.

[0103] The foregoing exemplary embodiments are merely
exemplary and are not to be construed as limiting. The
present teaching can be readily applied to other types of
apparatuses. Also, the description of the exemplary embodi-
ments 1s mntended to be illustrative, and not to limait the scope
of the claims, and many alternatives, modifications, and
variations will be apparent to those skilled in the art.

What 1s claimed 1s:

1. An apparatus for estimating blood pressure, the appa-
ratus comprising:

a photoplethysmogram (PPG) sensor configured to mea-
sure a PPG signal from a user; and

a processor configured to:
extract a cardiovascular feature from the PPG signal;

calculate a first variation in the extracted cardiovascular
feature compared to a reference cardiovascular feature
measured at a reference time;

determine a measurement posture of the PPG signal based
on a time interval between two wavelorm components

of the PPG signal;

in response to the measurement posture corresponding to
the reference posture, estimate the blood pressure based
on the first variation; and

in response to the measurement posture not corresponding
to the reference posture, obtain a second variation by
correcting the first vanation; and estimate blood pres-
sure based on the second variation.

2. The apparatus of claim 1, wherein the PPG sensor
COmMprises:
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a light source configured to emit light to the user; and

a detector configured to detect light scattered or reflected
from the user.

3. The apparatus of claim 1, wherein the processor 1s

further configured to:
obtain a variation 1n a diflerence between feature values
of the two wavelorm components compared to a dii-
ference between feature values of two waveform com-
ponents obtained at the reference time 1n the reference

posture; and

in response to the obtained variation being greater than or
equal to a threshold value, determine that the measure-
ment posture does not correspond to the reference
posture.

4. The apparatus of claim 3, wherein the processor 1s
further configured to:

obtain a second derivative signal of the PPG signal; and

obtains a time of a second local minimum point of the

second derivative signal, and a time of a third local
minimum point of the second dertvative signal, as the
feature values of the two wavelform components.

5. The apparatus of claim 1, wherein the processor 1s
further configured to obtain the second variation by sub-
tracting a correction value from the first vanation.

6. The apparatus of claim 5, wherein the processor 1s
turther configured to calculate the correction value by mul-
tiplying an absolute value of the first variation by a prede-
termined coeflicient.

7. The apparatus of claim 35, wherein the processor 1s
turther configured to calculate the correction value by divid-
ing an amplitude value of a reflection wave component of
the PPG signal, measured at the reference time in the
reference posture, by an amplitude value of a progressive
wave component.

8. The apparatus of claim 1, wherein the cardiovascular
feature comprises a cardiac output (CO) feature associated
with CO and a total peripheral resistance (TPR) feature
associated with TPR.

9. The apparatus of claim 8, wherein:

the CO {feature comprises a ratio between a maximum

amplitude value of the PPG signal and an area of a
predetermined region of the PPG signal; and

the TPR feature comprises a ratio between an amplitude

value of a first reflection wave component and an
amplitude value of a progressive wave component of
the PPG signal.
10. The apparatus of claim 8, wherein the processor 1s
turther configured to:
in response to the measurement posture of the PPG signal
corresponding to the reference posture, combine the
first vaniation in the CO feature and the first variation
in the TPR feature, and estimate the blood pressure
based on a combination of the first variation 1n the CO
feature and the first variation in the TPR {feature; and

in response to the measurement posture not corresponding,
to the reference posture, combine the second variation
in the CO feature and the second vanation 1n the TPR
feature, and estimate the blood pressure based on a
combination of the second vanation in the CO feature
and the second variation in the TPR feature.

11. The apparatus of claim 10, wherein the processor 1s
turther configured to:

in response to the measurement posture of the PPG signal

corresponding to the reference posture, estimate the
blood pressure by inputting the combination of the first

e
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variation 1n the CO feature and the first variation in the
TPR feature, and a reference blood pressure to a blood
pressure estimation model; and
in response to the measurement posture not corresponding,
to the reference posture, estimate the blood pressure by
inputting the combination of the second variation in the
CO feature and the second variation in the TPR feature,
and the reference blood pressure to the blood pressure
estimation model.
12. A method of estimating blood pressure, the method
comprising;
measuring a photoplethysmogram (PPG) signal from a
user;
extracting a cardiovascular feature from the PPG signal;
calculating a first vanation in the extracted cardiovascular
feature compared to a reference cardiovascular feature
measured at a reference time;
determining a measurement posture of the PPG signal
based on a time interval between two wavelform com-
ponents of the PPG signal;
in response to the measurement posture corresponding to
the reference posture, estimating the blood pressure
based on the first variation; and
in response to the measurement posture not corresponding,
to the reference posture, obtaiming a second variation
by correcting the first variation and estimating blood
pressure based on the obtained second variation.
13. The method of claim 12, wherein the determining of
the measurement posture comprises:
obtaimning a vanation 1 a diflerence between feature
values of the two wavetform components compared to
a difference between feature values of two wavelorm
components obtained at the reference time 1n the ret-
erence posture; and
in response to the obtained varnation being greater than or
equal to a threshold value, determining that the mea-
surement posture does not correspond to the reference
posture.
14. The method of claim 13, wherein the determining of
the measurement posture comprises:
obtaining a second derivative signal of the PPG signal;
and
obtaining a time of a second local minimum point of the
second derivative signal, and a time of a third local
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minimum point of the second dertvative signal, as the
feature values of the two wavelorm components.

15. The method of claim 12, wherein the obtaining of the
second variation comprises obtaining the second variation
by subtracting a correction value from the first variation.

16. The method of claim 15, further comprising:

calculating the correction value by multiplying an abso-
lute value of the first variation by a predetermined
coellicient.

17. The method of claim 15, further comprising:

calculating the correction value by dividing an amplitude
value of a reflection wave component of the PPG
signal, measured at the reference time 1n the reference
posture, by an amplitude value of a progressive wave
component.

18. The method of claim 12, wherein the cardiovascular
feature comprises a cardiac output (CO) feature associated
with CO and a total peripheral resistance (TPR) feature
associated with TPR.

19. The method of claim 18, wherein:

the CO {feature comprises a ratio between a maximum
amplitude value of the PPG signal and an area of a
predetermined region of the PPG signal; and

the TPR feature comprises a ratio between an amplitude
value of a first reflection wave component and an

amplitude value of a progressive wave component of
the PPG signal.

20. The method of claim 18, wherein the estimating of the
blood pressure comprises:

in response to the measurement posture of the PPG signal
corresponding to the reference posture, combining the
first variation 1n the CO {feature and the first variation
in the TPR feature, and estimating the blood pressure
based on a combination of the first variation 1n the CO
feature and the first variation in the TPR feature: and

in response to the measurement posture not corresponding,
to the reference posture, combining the second varia-
tion 1n the CO feature and the second variation in the
TPR feature, and estimating the blood pressure based
on a combination of the second variation in the CO
feature and the second variation 1n the TPR feature.
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