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(57) ABSTRACT

Accurate and effective methods for measuring cardiovascu-
lar and respiratory parameters are provided. The method for
deriving a depth-specific photoplethysmography (PPG) sig-
nal from multi-wavelength PPG signals includes choosing
light wavelength combinations, calibrating a multi-layer
light-tissue interaction model referring to a physiological
signal, and generating the depth-specific PPG signal from
the multi-wavelength PPG signals based on the calibrated
light-tissue interaction model. The disclosed method for
cuff-less blood pressure measurement includes recording a
physiological signal and multi-wavelength PPG signals of a
predetermined body part, deriving the depth-specific PPG
signal reflecting the arterial blood volume with the physi-
ological signal as a reference, calculating the pulse transit
time (PTT) from the physiological signal and the derived
arterial blood PPG signal, and calculating the blood pressure
from the calibrated PTT and blood pressure relationship.
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METHOD FOR MEASURING
CARDIOVASCULAR AND RESPIRATORY
PARAMETERS BASED ON
MULTI-WAVELENGTH
PHOTOPLETHYSMOGRAPHY

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit of U.S. Provi-
sional Application Ser. No. 62/270,971, filed Dec. 22, 2015,
the disclosure of which is hereby incorporated by reference
in its entirety, including all figures, tables and drawings.

FIELD OF THE INVENTION

[0002] This invention relates to methods for measuring
cardiovascular and respiratory parameters using a depth-
specific photoplethysmography (PPG) signal derived from
multi-wavelength PPG.

BACKGROUND

[0003] Photoplethysmography (PPG) is a simple and low-
cost optical technique that can be used to detect blood
volume changes in the microvascular bed of tissue and
estimate cardiovascular and respiratory parameters. A PPG
sensor system typically includes a light source and a light
detector, and infrared (IR) light emitting diodes (LEDs) are
usually used as the light emitting component. PPG is often
used to make non-invasive measurements at the skin sur-
face. The accuracy of extracting cardiovascular- and respi-
ratory-related information from the PPG signals, however, is
usually not satisfactory due the PPG signal being generated
from a single-wavelength light that can only provide the
overall blood volume changes along the light penetration
path, but not the blood volume changes of a specific layer.
For example, IR PPG measures the sum total of volume
changes in any and all blood vessels (e.g., large and small
arteries, arterioles, capillaries, venules, and veins) through-
out the skin, while the blood pulsation signal of a specific
layer like pure arterial blood volume changes cannot be
separated out from the IR PPG signal. The inability to
distinguish depth of single-wavelength PPG measurements
intrinsically degrades the performance for estimating car-
diovascular and respiratory parameters, which requires the
physiological information of the blood vessels in certain
depths.

[0004] Pulse Transit Time (PTT) is the time it takes the
pulse pressure waveform to propagate through a length of
the arterial tree, which is a promising method to measure
blood pressure (BP) in a continuous and cuff-less manner. In
PTT measurement, PPG is commonly used to mark the
arrival of the pulse wave at a peripheral site. Because
arteries and capillaries are different in blood vessel wall
components and blood circulation paths, arterial blood vol-
ume waveform and capillary blood volume waveform have
different morphologies, as well as a phase shift. In this sense,
IR PPG or any other single-wavelength PPG signal is a
superposition of various pulse wave functions of blood
vessels in different types and depths, thus unable to reflect
the pure arterial blood change in the deep layer of the skin.
Therefore, PTT cannot be precisely measured with a single
wavelength PPG in which the capillary blood pulsations
fundamentally weaken PTT’s BP tracking ability.
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BRIEF SUMMARY OF THE INVENTION

[0005] Generating a depth-specific PPG signal that can
reflect blood pulsation information within a specific tissue
has great importance for measuring cardiovascular and
respiratory parameters.

[0006] The instant invention provides accurate and effec-
tive methods for measuring cardiovascular and respiratory
parameters, which can include deriving a depth-specific
photoplethysmography (PPG) signal from multi-wavelength
PPG signals. Deriving the depth-specific PPG signal can
include choosing light wavelength combinations, calibrating
a multi-layer light-tissue interaction model referring to a
physiological signal like electrocardiography (ECG), and
generating the depth-specific PPG signal from the multi-
wavelength PPG signals based on the calibrated light-tissue
interaction model. The generated depth-specific PPG signal
can replace traditional single-wavelength PPG in various
cardiovascular and respiratory applications with fundamen-
tally improved performance. In addition, the instant inven-
tion also provides methods for measuring blood pressure
using a depth-specific PPG signal, which is generated from
infrared PPG (IR_PPG) and green PPG (G_PPG) to reflect
the arterial blood volume pulsation.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] The present invention will hereafter be described
with reference to the accompanying drawings, wherein like
reference numerals denote like elements.

[0008] FIG. 1A shows a diagram of an element arrange-
ment of a sensor with multiple LEDs and one light detector,
according to an embodiment of the subject invention.
[0009] FIG. 1B shows a diagram of an element arrange-
ment of a sensor with multiple LEDs and. multiple light
detectors, according to an embodiment of the subject inven-
tion.

[0010] FIG. 2 shows the skin structure and the propagation
of multi-wavelength light in the skin.

[0011] FIG. 3A shows a two-layer light-tissue interaction
model.
[0012] FIG. 3B shows a three-layer light-tissue interaction
model.
[0013] FIG. 4 shows feature extraction for a two-layer

model based on ECG, infrared (IR) PPG and Green (G) PPG
signals, according to an embodiment of the subject inven-
tion.

[0014] FIG. 5 shows an example result of blood pressure
(BP) and Heart Rate (HR) tacking petformance of a two-
layer model with varying absorption ratio.

[0015] FIG. 6 shows a flowchart of an operation of mea-
suring BP based on ECG and multi-wavelength PPG,
according to an embodiment of the subject invention.

DETAILED DESCRIPTION OF THE
INVENTION

[0016] The instant invention provides accurate and effec-
tive methods for measuring cardiovascular and respiratory
parameters by deriving depth-specific photoplethysmogra-
phy (PPG) signals from multi-wavelength PPG signals, as
well as methods of measuring blood pressure using depth-
specific PPG signals that are generated from infrared PPG
(IR_PPG) and green PPG (G_PPQG) to reflect arterial blood
volume pulsation.



US 2017/0172430 Al

[0017] In preferred embodiments, the methods of the
instant invention provide accurate blood pressure measure-
ments for clinical applications in bedside monitors and
ambulatory health monitors. Advantageously, the methods
of the instant invention provide more accurate measure-
ments of PTT along the arteries as compared to conventional
single-wavelength PPG methods.

[0018] The foregoing and other advantages of the inven-
tion will appear from the following description. In the
description, reference is made to the accompanying draw-
ings which form a part hereof, and in which there is shown
by way of illustration a preferred embodiment of the inven-
tion. Such embodiment does not necessarily represent the
full scope of the invention, however, and reference is made
therefore to the claims and herein for interpreting the scope
of the invention.

[0019] In an embodiment, depth-specific PPG signal gen-
eration can include one or more of the following steps:
[0020] 1. Determination of the range of target measuring
depth or layer of the tissue based on the parameter to
estimate;

[0021] 2. Selection of wavelength combinations of PPG
signals for deriving the depth-specific PPG signal; and/or
[0022] 3. Extraction of the derived depth-specific PPG
signals from the multi-wavelength PPG signals, wherein the
depth-specific signals are proportional to the blood volume
within a depth range beneath the measured site of the
predetermined body part.

[0023] In many embodiments, the multi-wavelength PPG
sensor can include a light source that emits light of two or
more wavelengths, and a light detector. The light of different
wavelengths penetrates the tissue to different depths depend-
ing on the absorption characteristics of the tissue layers, and
different amounts of light of each wavelength come out of
the tissue and are detected by the light detector. In some
embodiments, the light source is one LED that can emit light
in different wavelengths. In other embodiments, the light
source is comprised of multiple small-sized LEDs that are
packed closely, each LED emitting light at a different
wavelength.

[0024] Insome embodiments, the light detector comprises
one photodetector with a wide wavelength response range
whereby a multiplexer is used to separate the PPG signal of
each wavelength. In other embodiments, the light detector
comprises multiple detectors with high wavelength selec-
tivity whereby multi-wavelength light can illuminate at the
same time.

[0025] In preferred embodiments, the multi-wavelength
PPG sensor emits multi-wavelength light to the peripheral
vasculature in a predetermined body part and measures the
intensity of the reflected light of each wavelength. The
predetermined body part for measurement includes but is not
limited to finger, thumb, hand, arm, abdomen, foot, or any
body part directly associated with the peripheral vasculature.
[0026] Embodiments of the instant invention provide an
algorithm for extracting the depth-specific PPG signals from
multi-wavelength PPG signals. In some embodiments,
multi-wavelength light is emitted from the light source, and
light of different wavelengths penetrates the tissue to dif-
ferent depths. For example, PPG signals generated from the
short penetrating light are considered to reflect the blood
volume pulsation of the superficial layer of the tissue, while
PPG signals generated from deep penetrating light are
considered to reflect the blood volume pulsation at a deeper
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layer of the tissue. Advantageously, green or blue light is
short penetrating light and red or infrared light is deep
penetrating light.

[0027] In preferred embodiments, the methods of the
instant invention measure the blood volume pulsation in the
deep tissue layers only by removing the superficial blood
pulsation from the deep penetration PPG signal. The meth-
ods are based on the Beer-Lambert’s Law and provide that
the depth-specific PPG is derived by dividing the deep-
penetrating PPG signal amplitude by the short-penetrating
PPG signal amplitude to the power of the absorption ratio
(AR) of the two wavelengths.

[0028] In further embodiments, methods of the instant
invention provide that the AR between different light wave-
lengths in the algorithm is determined within the value range
that generates depth-specific PPG signals with a constant
time offset to a preassigned reference physiological signal.
In many embodiments, the reference physiological signal is
an electrocardiography (ECG) signal. In other embodiments,
the reference physiological signal is the same short wave-
length PPG signal that is used to generate the depth-specific
PPG signal. In yet other embodiments, the reference physi-
ological signal is a ballistocardiography (BCG) signal or an
impedance cardiography (ICG) signal.

[0029] In many embodiments, a method for cuff-less
blood pressure (BP) measurement based on multi-wave-
length PPG can include one or more of the following steps:
[0030] 1. Recording an ECG signal and multi-wavelength
PPG signals of a predetermined body part simultaneously;
[0031] 2. Choosing the wavelength combination for deriv-
ing arterial blood PPG signals, wherein the wavelength
combination includes short penetrating light that is consid-
ered to reflect the blood volume pulsation of the superficial
layer of the tissue and deep penetrating light that is consid-
ered to reflect the blood volume pulsation at a deeper layer
of the tissue;

[0032] 3. Determining the light ARs for deriving an arte-
rial blood PPG signal with the recorded ECG signal as a
reference, wherein the AR selected from a value range that
provides an inter beat interval (IBI) of the derived arterial
blood PPG (D_PPG) that stably correlates with the IBI
signal of the ECG is chosen;

[0033] 4. Calculating the PTT using the ECG signal and
arterial blood PPG signal derived from the multi-wavelength
PPG; and

[0034] 5. Calculating the BP by the calibrated BP-PTT
model.
[0035] In preferred embodiments, the method for cuff-less

BP measurement of the instant invention provides an arterial
blood PPG signal for PTT calculation that improves PTT’s
tracking ability of BP.

[0036] Insome embodiments, the arterial blood pressure is
derived from two wavelengths PPG or three wavelengths
PPG according to the accuracy requirement and computing
ability of the system. Advantageously, the methods of the
instant invention have no limitation in the BP estimation
model from PTT. The relationship between PTT and BP can
be linear, nonlinear, or adopt other complicated forms. In
some embodiments, the ECG signal is replaced by other
signals (including, but not limited to, short wavelength PPG,
BCG signals and ICG signals) as the reference signal in
determining AR values and calculating PTT.

[0037] In many embodiments, the methods of the instant
invention are implemented in various physiological moni-
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toring applications, such as smartwatches, fitness bands, and
other wearable devices and bedside monitors. In some
embodiments, a method can be implemented in wearable
platforms, including but not limited to an Apple watch, LG
Watch Urbane, and/or Motorola Moto 360 smart watch, by
adding one light source to the wearable platform. Advanta-
geously, the methods of the instant invention provide wider
user acceptance compared to other wearable platforms due
to improved accuracy based on the use of multi-wavelength
PPG signals. Furthermore, the realization of the algorithm of
the instant invention is more feasible to be implemented in
smart wearable devices because it requires less computing
power.

[0038] Multi-Wavelength PPG Sensor Probes.

[0039] Referring to FIG. 1, in one embodiment, a multi-
wavelength PPG sensor probe 10 of the instant invention has
a multi-wavelength light emitter 12 and a light detector 22.
Preferably, the multi-wavelength light emitter 12 and the
light detector 22 are small in size and/or flexible so as to
improve the conformity to the skin and comfort for the user.
Advantageously, as the sensor measures PPG signals in
reflection mode, it can be placed on various body surfaces,
such as a fingertip, wrist, thumb, hand, arm, abdomen, foot,
earlobe, or any other body part directly associated with the
peripheral vasculature.

[0040] In some embodiments, the multi-wavelength light
emitter 12 of the instant invention includes multiple LEDs,
for example, a blue LED 14, an infrared LED 16, a green
LED 18, and a yellow LED 20 (FIG. 1). In preferred
embodiments, the LEDs are closely packed, thus ensuring
they illuminate the same tissue.

[0041] In some embodiments, the light detector 22 is a
photodiode 24 with a wide spectral responsivity range (FIG.
1A). In one non-limiting example, a method of the instant
invention provides sensors to acquire the multi-wavelength
PPG signals, wherein the sensors’” blue LED 14, infrared
LED 16, green LED 18, and yellow LED 20 are turned on
such that the mixed signals from the photodiode 24 that
contains the reflected light information of different wave-
lengths are separated into four channels by a demultiplexer.
In preferred embodiments, the distance D between the light
emitter 12 and the light detector 22 is set appropriately to
achieve good signal-to-noise ratio.

[0042] In other embodiments, the light detector 22 can
include multiple light detectors with high selectivity to a
certain band of light wavelength. In one non-limiting
example, the light detector 22 includes a blue light sensitive
light detector 24, a red light sensitive light detector 26, a
green light sensitive light detector 28, and a yellow light
sensitive light detector 30. Advantageously, light detectors
24, 26, 28, and 30 generate the PPG signals corresponding
to the blue LED 14, red LED 16, green LED 18, and yellow
LED 20, respectively, without a multiplexer. In preferred
embodiments, the light detectors are packed closely to
ensure that the PPG signals are measured from the same
body part.

[0043] Multi-Wavelength Light Interaction with Tissue.
[0044] Referring to FIG. 2, skin has three layers: the
epidermis 32, the outmost layer; the dermis 34, the layer
under the epidermis 32 that is the connective tissue layer of
skin; and the hypodermis 36, the layer underneath the dermis
that merges with it and mainly contains adipose tissue. The
arteries 40 supplying the skin are located deep in the
hypodermis 36. Branches of the arteries 40, called arterioles
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51, pass upwards to form a deep and a superficial plexus.
Capillaries 38 are found beneath the epidermis 32, and are
linked to the arterioles 51 and venules 52.

[0045] When light reaches the tissue, it is reflected,
absorbed, scattered, and transmitted. As the light scattering
and absorption coefficient of the tissue varies with the
wavelength, the penetration ability of different light wave-
lengths is also different.

[0046] In a non-limiting example of a method of the
instant invention, blue light 44, green light 46, yellow light
48, and infrared light 50 emitted from the light emitter 12
propagate within different tissue layers, and the light coming
out of the tissue is detected by the light detector 22. As most
of the blue light 44 and green light 46 are scattered by the
epidermal layer 32, the penetration depth of blue light 44
may be only about 1.2 mm, while green light 46 penetrates
a little deeper than blue light 44. The thickness of the
epidermis can be about 0.8 mm to about 1.5 mm. Therefore,
blue light 44 can only reach the capillaries, and green light
44 can penetrate through the epidermis 32 and reach some
of the arterioles 51 in the dermis 34. Longer wavelength
light like yellow light 48, can penetrate deep into the dermis
and reach a large portion of the arterioles 51. In contrast, red
light or infrared light 50 with strong penetration ability can
go through the whole skin and reach the deep arteries 40 in
the hypodermis 36.

[0047] Establishment of a Multi-Layer Models for Extrac-
tion of Pure Arterial Blood Volume.

[0048] Referring to FIG. 3A, in some embodiments, a
method of the instant invention provides a two-layer model
that extracts pure arterial blood volume, based on the
physiological facts of the light-tissue interaction. In the
two-layer model, the first layer 54 represents the epidermis
as a homogenous layer highly perfused by capillary blood,
and the second layer 53 represents the dermis 34 and
hypodermis 36 (FIG. 2) as a homogenous layer highly
perfused by arterial blood (FIG. 3A). In the two-layer model
of the instant invention, light of wavelength A2 penetrates
the first layer 54 and reaches a portion of the second layer
53, while light of wavelength propagates through both layer
54 and layer 53. The following parameters in the model are
provided:

[0049] V_ Volume of capillary blood in the capillary
blood layer 54

[0050] V_: Volume of arterial blood in the arterial blood
layer 53

[0051] e_,: Molar extinction coeflicient of capillary blood
in light wavelength Al

[0052] e_,: Molar extinction coeflicient of capillary blood
in light wavelength A2

[0053] e, : Molar extinction coeflicient of arterial blood in
light wavelength A1

[0054] €,,: Molar extinction coeflicient of arterial blood in
light wavelength A2

[0055] k,: The portion of arterial blood in layer 52 reached
by light A2

[0056] I, ,: Intensity of the incident light A1

[0057] TI',: Intensity of light Al coming out from the
surface

[0058] I,,: Intensity of the incident light A2

[0059] T,,: Intensity of light A2 coming out from the
surface

[0060] The two-layer model, based on Beer-Lambert’s

that relates the attenuation of light to the properties of the
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material through which the light is traveling, can provide
pure arterial blood volume information that is extracted by
removing the capillary blood volume information registered
by A2 PPG from the A1 PPG signal. The light intensity of
light A1 and A2 coming out from the surface, namely the A1
PPG amplitude and A2 PPG amplitude, are described in
Equation 1 and Equation 2,

Iy = eetee=alta (Eq. 1)

I 5= e eg =17 (Eq. 2)

[0061] The arterial blood volume can be expressed by
Equation 3.
_ o ek Eq. 3
(el ~ (hpraka
[0062] In Equation 3, as the terms

I
(hp)fetee2

and -(e,, -k €,.€.,/€.,) can be treated as constants, the
D_PPG signal with amplitude

hu

M learhignsaieaiVa
(Ip )l ec2

can reflect the pure arterial blood information.

[0063] Referring to FIG. 3B, in some embodiments, meth-
ods of the instant invention can provide a three-layer model
for a more accurate estimation of the arterial blood volume.
Compared to the two-layer model in FIG. 3A, the three-layer
model provides an additional homogenous layer represent-
ing the superficial tissue 56. Light of wavelength A3 can
penetrate through the tissue layer 56 and a portion of the
capillary blood layer 54. Other parameters additional to
those included in the two-layer model are:

[0064] V,; Volume of tissue in the first layer 56

[0065] €_,: Molar extinction coeflicient of capillary blood
in light wavelength A3

[0066] €,: Molar extinction coefficient of tissue in light
wavelength Al

[0067] e,: Molar extinction coefficient of tissue in light
wavelength A2

[0068] €,: Molar extinction coeflicient of tissue in light
wavelength A3

[0069] k,: The portion of capillary blood layer 54 reached
by light A2

[0070] I,;: Intensity of the incident light A3

[0071] T,;: Intensity of light A3 coming out from the
surface

[0072] Similarly, A1 PPG, A2 PPG, and A3 PPG signals

measured at the skin surface can be expressed by Equation
4, Equation 5, and Equation 6, respectively.

I’M:IMKQI Vig=eclVeg=¢alVa (Eq. 4)

I, =1, e~ g2 cpead1Va (Eq. 3)
—e3 Vi —€c3k

I 5=Lse €3Vig=€c3k1 Ve (Eq. 6)
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[0073] By eliminating the tissue volume information reg-
istered in A3 PPG and the capillary blood volume informa-
tion registered in A2 PPG from the A1 PPG that contains the
volume information of all the layers, the arterial blood
information can be calculated in Equation 7.

1/{1 1,\1 (Eq. 7)

= &3-Sk a3} Ve
UM 2B ()% ([e)172% ([)™

e

where
&1 &n 21 — eaka
@ =—, =— and 3= =
&3 £ —£akoy
[0074] In Equation 7, as the term

u
(I3)2791% ([ )3

and can be treated as constants, the D_PPG signal with
amplitude

I

M legpepkran)Vs
(I3)1792% ([ )3

can reflect the pure arterial blood information. Advanta-
geously, three-layer models of the instant invention consider
the influence of three tissue layers, including the superficial
tissue, during light propagation, thus providing clearer arte-
rial blood volume information compared to the two-layer
models.

[0075] In preferred embodiments, the multi-layer models
of the instant invention provide volume change information
of a certain layer, namely a depth-specific PPG signal,
derived from multi-wavelength PPG signals. In some
embodiments, the multi-layer models of the instant inven-
tion provide volume change information of the capillary
blood layer. The multi-layer models can provide volume
change information of the arterial blood layer. Advanta-
geously, the depth-specific PPG signals fundamentally
improve the performance of PPG-based physiological moni-
toring applications.

[0076] In one non-limiting example, methods of the
instant invention provide the D_PPG from IR_PPG and
G_PPG, where D_PPG reflects the arterial blood pulsation.
Advantageously, the D_PPG shows an improved correlation
between PTT and BP. Referring to FIG. 4, in many embodi-
ments, the operation of deriving D_PPG from ECG, IR_PPG
and G_PPG is based on the two-layer model. In preferred
embodiments, the D_PPG is derived as the ratio of the
IR_PPG amplitude and the G_PPG amplitude to a power of
the AR, that is

IR_PPG
(G_PPG)AR’

In a further preferred embodiment, the ECG signal is used
as a reference to decide the optimal value range of AR.
Advantageously, because the periodical pulsations of the
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ECG and PPG signals are all generated by the beating heart,
the IBI of the D_PPG signal matches the IBI of the ECG to
a certain extent if the D_PPG only contains the arterial blood
pulsation. As D_PPG can reflect pure arterial blood pulsa-
tion with a range of AR values, the synchrony level between
IBI of the ECG and MI of the D_PPG derived with these AR
values will become nearly unchanged. The ECG_IBI is
defined as the time interval between the R peaks of the ECG,
while the IR_IBI, G_IBI and D_IBI are defined as peak
intervals of the respective waveforms (FIG. 4). The PTT is
defined as the time interval between the R peak of the ECG
waveform and the peak of the PPG waveform during the
same heart cycle. Hence, IP_PTT, G_PTT, and D_PTT
denote the PTT calculated from IR_PPG, G_PPG, and
D_PPG respectively.

[0077] Referring to FIG. 5, in many embodiments, the
correlation coeflicients between ECG_IBI and D_IBI can be
used to determine a AR value range for deriving a D_PPG
signal. The absolute correlation coefficients between D_PTT
and DBP (diastolic blood pressure); and D_PTT and SBP
(systolic blood pressure) with varying ARs are also shown in
FIG. 5. When AR equals zero, the D_PPG equals IR_PPG.
In further embodiments, the correlation coefficient between
ECG_IBI and D_IBI remains nearly unchanged in a certain
range of AR value, at the same time, the correlation coef-
ficient between D_PTT and DBP; and D_PTT and SBP will
also stay stable in this AR value range. For example, the
correlation relationship between ECG_IBI and D_IBI stays
stable when AR is larger than 2.8. Meanwhile, strong and
improved correlation coeflicients are observed between
D_PTT and DBP; and D_PTT and SBP, respectively, com-
pared to those between IR_PTT and SBP; and IR_PTT and
DBP (FIG. 5).

[0078] In further preferred embodiments, the methods of
the instant invention use the ECG as reference to indicate the
optimal AR value range for D_PPG. In other embodiments,
the ECG signals are replaced by other physiological signals,
including, but not limited to, short wavelength PPG, BCG
and ICG.

[0079] In a preferred non-limiting example, the BP can be
monitored with ECG and multi-wavelength PPG sensors
following the operation described in the work flow in FIG.
6. ECG, G_PPG and IR_PPG signals can be recorded for
multiple heart beats (e.g., 10 heart beats) as ECG0, G_PPG0,
and IR_PPGO (Step 100). The recording period in Step 100
can be adjusted according to the specific application. Various
D_PPG samples can be generated from IR_PPGO and
G_PPGO using the relation IR_PPGO0/(G_PPG0"AR) with
different AR values (Step 102). The correlation coefficients
between D_IBI of the D_PPG samples and ECG_IBI of
ECGO can be calculated, and the Aft value that generates the
D_PPG sample D_PPGO best correlated with ECGO in terms
of IBI, can be stored as ARO for deriving workable D_PPG
signals in later steps (Step 104). It can be determined
whether the D_PPG values obtained using the procedure of
the previous steps gives D_PTT values that fall within an
interval that is suitable for BP calibration (Step 106),
wherein the calibration time interval and/or changes in
physiological parameters, such as the heart rate exceeding a
predetermined threshold, are considered. That is, the judge-
ment condition can be whether the calibration time interval
is reached, or whether changes in physiological parameters
like heart rate exceed the predetermined thresholds.
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[0080] Insome embodiments, in which the BP calibration
conditions are met,absolute BP values BP0 can be measured
with the aid of certain BP measurement devices, and BP0
together with D_PTTO, which is the average D_PTT value
calculated from ECG0 and D_PPGO0, can be used to generate
a calibrated PTT-BP model (Step 108).

[0081] In other embodiments, in which BP calibration
conditions are not met in Step 106, ECG, IR_PPG, and
G_PPG signals can be recorded (e.g., for every 5 heart beats)
as ECG-n. IR_PPGn and G_PPGn (Step 110). The recording
period can be adjusted according to the specific application.
D_PPGn signals can be generated from IR_PPGn and
G_PPGn with ARO, and the average D_PTTn can be calcu-
lated from D_PPGn and ECGn.

[0082] The BP can be estimated as BPn from D_PTTn by
substituting D_PTTn in the calibrated PTT-BP model. It can
be determined whether the calibration interval for AR is
reached, wherein the judgment criteria can be a time interval
or the threshold for changes of the parameter such as the
estimated BP value BPn. In certain embodiments, if the AR
calibration condition is not met. Step 110 will be executed
to measure BP with the stored AR value AR0 again. In other
embodiments, if the AR calibration condition is met, the
series of processing steps starting with Step 100 will be
repeated to fine-tune the process.

[0083] In certain embodiments, the process of measuring
blood pressure of the instant invention (see FIG. 6) can be
modified to adopt different models, different light wave-
length combinations, and/or different cardiac signals (e.g.,
signals other than ECG). In some embodiments, the work-
flow and/or measuring principles can also be modified to
measure other cardiovascular and respiratory parameters
with multi-wavelength PPG.

[0084] “Cardiorespiratory parameters” include, but are not
limited to, respiration rate, blood pressure, and cardiac
thythm.

[0085] “Cardiac disease states” include, but are not limited
to, heart failure, arthythmia, coronary artery disease, car-
diomyopathy and endocarditis.

[0086] The methods and processes described herein can be
embodied as code and/or data. The software code and data
described herein can be stored on one or more computer-
readable media, which may include any device or medium
that can store code and/or data for use by a computer system.
When a computer system reads and executes the code and/or
data stored on a computer-readable medium, the computer
system performs the methods and processes embodied as
data structures and code stored within the computer-readable
storage medium.

[0087] It should be appreciated by those skilled in the art
that computer-readable media include removable and non-
removable structures/devices that can be used for storage of
information, such as computer-readable instructions, data
structures, program modules, and other data used by a
computing system/environment. A computer-readable
medium includes, but is not limited to, volatile memory such
as random access memories (RAM, DRAM, SRAM); and
non-volatile memory such as flash memory, various read-
only-memories (ROM, PROM, EPROM, EEPROM), mag-
netic and ferromagnetic/ferroelectric memories (MRAM,
FeRAM), and magnetic and optical storage devices (hard
drives, magnetic tape, CDs, DVDs); network devices; or
other media now known or later developed that is capable of
storing computer-readable information/data. Computer-
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readable media should not be construed or interpreted to
include any propagating signals. A computer-readable
medium of the subject invention can be, for example, a
compact disc (CD), digital video disc (DVD), flash memory
device, volatile memory, or a hard disk drive (HDD), such
as an external HDD or the HDD of a computing device,
though embodiments are not limited thereto. A computing
device can be, for example, a laptop computer, desktop
computer, server, cell phone, or tablet, though embodiments
are not limited thereto.

[0088] It should be understood that the examples and
embodiments described herein are for illustrative purposes
only and that various modifications or changes in light
thereof will be suggested to persons skilled in the art and are
to be included within the spirit and purview of this appli-
cation.

[0089] All patents, patent applications, provisional appli-
cations, and publications referred to or cited herein (includ-
ing those in the “References” section, if present) are incor-
porated by reference in their entirety, including all figures
and tables, to the extent they are not inconsistent with the
explicit teachings of this specification.

What is claimed is:

1. A method for deriving a blood volume pulsation signal
within a certain depth of a predetermined body part, the
method comprising the steps of:

determining a range of target measuring depth or layer of

tissue in the predetermined body part;

selecting wavelength combinations of PPG signals to

derive a PPG signal specific for the range of target
depth or layer of tissue;
emitting light of two or more different wavelengths to the
predetermined body part and measuring multi-wave-
length photoplethysmography (PPG) signals; and

extracting the derived depth-specific PPG signal from the
multi-wavelength PPG signals, wherein the derived
depth-specific PPG signal is proportional to the blood
volume within the range of target depth or layer of
tissue in the predetermined body part.

2. The method according to claim 1, wherein the derived
depth-specific PPG signal is proportional to the blood vol-
ume in the vasculature within the range of target depth or
layer of tissue in the predetermined body part.

3. The method according to claim 2, wherein the derived
depth-specific PPG signal is proportional to the blood vol-
ume in the arteries within the range of target depth or layer
of tissue in the predetermined body part.

4. The method according to claim 1, wherein emitting
light of two or more different wavelengths to the predeter-
mined body part comprises using a multi-wavelength light
emitter including multiple LEDs, and a light detector includ-
ing a photodiode,

wherein the method further comprises:

detecting the light of multiple wavelengths coming out of

the tissue of the predetermined body part in order; and
separating, by a demultiplexer, the mixed signal into light
information from different wavelengths.

5. The method according to claim 1, further comprising
detecting, by multiple light detectors, light of multiple
wavelengths coming out of the tissue of the predetermined
body part.

6. The method according to claim 1, wherein deriving the
depth-specific PPG signal includes removing the blood
volume pulsation profiles in the superficial layer detected by
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the shallow penetrating light from the blood volume pulsa-
tion profiles in the deep layer detected by the deep penetrat-
ing light.

7. The method according to claim 6, wherein removing
blood volume pulsation profiles detected by the shallow
penetrating light comprises the steps of:

building a multiple-tissue layer model based on the mea-
sured multi-wavelength PPG signals and the derived
depth-specific PPG signal by incorporating parameters
comprising light wavelengths, light absorption coefli-
cients, and light penetration depths;

determining the light absorption ratios of different light
wavelengths; and

deriving the depth-specific PPG signal that reflects the
blood volume pulsation in a specific tissue depth from
multi-wavelength PPG signals by substituting the light
absorption ratios that reflect the difference of the tissue
absorption characteristics of the different light wave-

lengths.

8. The method according to claim 7, wherein determining
the light absorption ratios comprises selecting the absorption
ratio value range that gives the constant correlation of the
inter beat intervals between the derived depth-specific PPG
signal and selected cardiac signals.

9. The method according to claim 7, wherein the multiple-
tissue layer model is a two-tissue layer model and the
derived depth-specific PPG signal with amplitude

by

— o (Eal K1 Ex28c1 fE2)Va
(Ip)fel/éc2

is obtained,

where I',; is the intensity of light of a first wavelength
coming out from the surface; I', , is the intensity of light
of a second wavelength different from the first wave-
length coming out from the surface; V, is the volume
of arterial blood in the arterial blood layer; €_, is the
molar extinction coeflicient of capillary blood in the
light of the first wavelength; and €., is the molar
extinction coeflicient of capillary blood in the light of
the second wavelength.

10. The method according to claim 7, wherein the mul-
tiple-tissue layer model is a three-tissue layer model and the
derived PPG signal with amplitude

u

M lepephyan)ls
(I3)?1792% ([ )3

1s obtained,

where I', | is the intensity of light of a first wavelength
coming out from the surface; I', , is the intensity of light
of a second wavelength different from the first wave-
length coming out from the surface; I'; ; is the intensity
of light of a third wavelength different from both the
first and second wavelengths coming out from the
surface; V, is the volume of arterial blood in the arterial
blood layer
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where
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€,, 1s the molar extinction coeflicient of tissue in the light of
the first wavelength; e, is the molar extinction coeflicient of
tissue in the light of the second wavelength; €, is the molar
extinction coefficient of tissue in the light of the third
wavelength; €_; is the molar extinction coeflicient of capil-
lary blood in the light of the third wavelength; and k, is the
portion of capillary blood layer reached by the light of the
second wavelength.
11. The method according to claim 7, further comprising
using the depth-specific PPG signal to estimate at least one
cardiorespiratory parameter selected from respiration rate,
blood pressure, cardiac rhythm, and different cardiac disease
states including heart failure, arrhythmia, coronary artery
disease, cardiomyopathy, and endocarditis.
12. A method for cuff-less blood pressure measurement,
the method comprising the steps of:
recording a physiological signal and multi-wavelength
PPG signals of a predetermined body part;

building a multiple-tissue layer model between the
recorded multi-wavelength PPG signals and a derived
depth-specific PPG signal by incorporating parameters
comprising light wavelengths, the light absorption
coeflicients of different tissues, and light penetration
depths;

selecting the wavelength combination for deriving a

depth-specific PPG signal reflecting the deep pure
arterial blood volume changes, whereby the blood
pulsation profile in the veins and capillaries embedded
in the shallow tissue layer are removed;

determining the light absorption ratios of different light

wavelengths;

deriving the arterial blood PPG signal with the physi-

ological signal as a reference;
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calculating the pulse transit time (PTT) from the physi-
ological signal and the derived arterial blood PPG
signal; and

calculating the blood pressure from the calibrated PTT

and blood pressure relationship.

13. The method according to claim 12, wherein the
physiological signal is an electrocardiogram (ECG) signal.

14. The method according to claim 12, wherein the
physiological signal is a ballistocardiography (BCG) signal,
an impedance cardiography (ICG) signal, or a short wave-
length PPG signal.

15. The method according to claim 12, wherein determin-
ing the light absorption ratios comprises selecting the value
range that gives a constant correlation of the inter beat
intervals between the derived depth-specific PPG signal and
the selected reference physiological signal.

16. An apparatus for deriving a blood volume pulsation
signal within a certain depth of a predetermined body part,
the apparatus comprising:

at least one processor; and

a memory storing instructions, which when executed by

the at least one processor, causes the at least one
processor to perform the method according to claim 1.

17. A non-transitory computer storage medium storing a
computer program, which when executed by one or more
computers, causes the one or more computers to perform the
method according to claim 1.

18. An apparatus for cuff-less blood pressure measure-
ment, the apparatus comprising:

at least one processor; and

a memory storing instructions, which when executed by

the at least one processor, causes the at least one
processor to perform the method according to claim 12.

19. A non-transitory computer storage medium storing a
computer program, which when executed by one or more
computers, causes the one or more computers to perform the
method according to claim 12.
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