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(57) ABSTRACT

According to embodiments, systems and methods for high-
pass filtering a plethysmograph or photoplethysmograph
(PPG) signal are disclosed. A sensor or probe may be used to
obtain a plethysmograph or PPG signal from a subject. The
sensor may be placed at any suitable location on the body,
e.g., the forehead, finger, or toe. The PPG signal generated by
the sensor may be high-pass filtered to disambiguate certain
features of the PPG signal, including one or more character-
istic points. The cut-off frequency for the high-pass filter may
be greater than 0.75 Hz and less than 15 Hz. The cut-off
frequency for the high-pass filter may be selected to be greater
than the subject’s computed pulse rate. These characteristic
points on the filtered PPG signal may be used to compute

Int. CL. non-invasive blood pressure measurements continuously or
A61B 5/00 (2006.01) on a periodic basis. For example, the time difference between
A61B 5/1495 (2006.01) two or more characteristic points in a high-pass filtered ver-
A61B 571455 (2006.01) sion of the generated PPG signal may be computed. The time
A61B 5/0205 (2006.01) difference may be used to compute non-invasive blood pres-
A61B 5/021 (2006.01) sure measurements continuously or on a periodic basis.
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SYSTEMS AND METHODS FOR HIGH-PASS
FILTERING A PHOTOPLETHYSMOGRAPH
SIGNAL

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application is a continuation of U.S. patent
application Ser. No. 12/568,946, filed Sep. 29, 2009, which is
hereby incorporated by reference herein in its entirety.

SUMMARY

[0002] The present disclosure relates to filtering a photop-
lethysmograph (PPG) signal and, more particularly, the
present disclosure relates to systems and methods for high-
pass filtering a PPG signal for determining non-invasive
blood pressure.

[0003] Inan embodiment, a probe or sensor may detect a
PPG signal. This PPG signal may be used with a continuous
non-invasive blood pressure (referred to herein as “CNIBP”)
monitoring system or pulse oximeter. For instance, the PPG
signal may be analyzed and used to compute a time difference
between one or more characteristic points in the detected PPG
signal. From this time difference, relatively reliable and accu-
rate blood pressure measurements may be computed on a
continuous or periodic basis. Chen et al. U.S. Pat. No. 6,599,
251, which is hereby incorporated by reference herein in its
entirety, discloses some techniques for continuous and non-
invasive blood pressure monitoring using probes or sensors
that may be used in conjunction with the present disclosure.
[0004] Inanembodiment, the shape ofa PPG signal may be
considered to be made up of the pulse wave and its many
reflections throughout the circulatory system. Because of this
consideration, the PPG signal may be useful in determining
the blood pressure of a patient by identifying, for example,
certain characteristic points in the PPG signal. The time dif-
ference between identified characteristic points in a detected
PPG signal may then be used in place of an elapsed time
between the arrival of corresponding points of a pulse signal
relied on by two-probe or two-sensor CNIBP monitoring
techniques. In some embodiments, the elapsed time between
the arrival of corresponding characteristic points of a pulse
signal obtained from a single probe or sensor may be used for
CNIBP monitoring.

[0005] Inanembodiment, to ensure an accurate identifica-
tion of the characteristic points, the PPG signal may be fil-
tered using a suitable low-pass, high-pass, or band-pass filter,
orany combination thereof. This filtering may be of particular
relevance for PPG signals that are measured with reflective
probes or sensors in regions of the body, e.g., in the forehead,
in which one or more complex paths are taken by the propa-
gating pulse waves. The cut-oft frequency for the filter may be
pre-selected by a user interacting with the CNIBP monitoring
system or oximeter or may be a pre-determined setting in the
CNIBP monitoring system or oximeter.

[0006] Characteristic points in the PPG signal may include,
for example, the turning points of the filtered PPG signal (or
any suitable derivative thereof), points of inflection in the
filtered PPG signal (or in any suitable derivative thereof),
stationary points in the filtered PPG signal (or in any suitable
derivative thereof), and any suitable peak or valley in the
filtered PPG signal and/or in some derivative of the filtered
PPG signal. In some embodiments, adjacent peaks (or adja-
cent valleys) are used as characteristic points in the PPG
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signal. From the measured time difference between the two or
more of these characteristics points in the PPG signal, a
patient’s blood pressure may be monitored continuously or
periodically.

[0007] In an embodiment, a PPG signal is detected and a
cut-off frequency for a high-pass filter, f_. is selected. In an
embodiment, the cut-off frequency is selected to be greater
than that of a typical pulse rate or a subject’s measured or
computed pulse rate. This cut-off frequency enables the fil-
tering of the large scale morphology of each individual pulse
and enhances individual features within the pulse morphol-
ogy. For example, in an embodiment, the cut-off frequency is
selected to be greater than 0.75 Hz and less than 15 Hz. For
example, the selected cut-off frequency may be 7.5 Hz. Gen-
erally, the cut-off frequency should not be selected to be
below the subject’s measured or computed pulse rate. How-
ever, there is also a practical limit for the cut-off frequency.
Beyond this limit, the filtered PPG signal will have almost no
frequency components corresponding to the pulse morphol-
ogy, yet will contain frequency components of the electrical
noise from within the system that acquires the PPG signal.
This practical limit may be about 15 Hz depending on the
noise in the system. The detected PPG signal is then filtered
using the high-pass filter, and at least one characteristic point
in the filtered PPG signal are identified. In some embodi-
ments, the characteristic points in the filtered PPG signal may
include at least one stationary point or inflection point of the
filtered PPG signal, a local turning point in the filtered PPG
signal, two peaks in the filtered PPG signal, or any combina-
tion thereof.

[0008] In an embodiment, blood pressure measurements
are then determined based at least in part on the identified
characteristic points, e.g., by taking a natural logarithm of a
time difference between two characteristic points, or by solv-
ing a multi-parameter equation, e.g., p=a+b-In(T) or a math-
ematical equivalent thereof, where p is the determined blood
pressure measurement, T is a time difference determined
from the identified characteristic points, and a and b are
constants. In an embodiment, at least one calibration of the
determined blood pressure is performed based at least in part
on a known reference blood pressure measurement.

[0009] Inanembodiment,asystem for high-pass filtering a
PPG signal used for determining a blood pressure measure-
ment includes a sensor (e.g., a pulse oximeter) capable of
generating the PPG signal and a processor. The processor
may be capable of detecting the PPG signal, selecting a cut-
off frequency for a high-pass filter, filtering the detected PPG
signal with the high-pass filter, identifying at least one char-
acteristic point in the filtered PPG signal, and determining,
based at least in part on the identified characteristic points, the
blood pressure measurement.

[0010] Inanembodiment,acomputer-readable medium for
use in filtering a PPG signal used for determining a blood
pressure measurement includes computer program instruc-
tions. The computer program instructions recorded on the
computer-readable medium include instructions for detecting
the PPG signal, selecting a cut-off frequency for a high-pass
filter, filtering the detected PPG signal with the high-pass
filter, identifying at least one characteristic point in the fil-
tered PPG signal, and determining, based at least in part on
the identified characteristic points, the blood pressure mea-
surement.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0011] The above and other features of the present disclo-
sure, its nature and various advantages will be more apparent
upon consideration of the following detailed description,
taken in conjunction with the accompanying drawings in
which:

[0012] FIG. 1 shows an illustrative CNIBP monitoring sys-
tem in accordance with an embodiment;

[0013] FIG. 2is a block diagram of the illustrative CNIBP
monitoring system of FIG. 1 coupled to a patient in accor-
dance with an embodiment;

[0014] FIG. 3 is a block diagram of an illustrative signal
processing system in accordance with some embodiments;
[0015] FIG. 4 shows an illustrative PPG signal in accor-
dance with an embodiment;

[0016] FIG.5 shows anillustrative PPG signal, a band-pass
filtered PPG signal, and a high-pass filtered PPG signal in
accordance with an embodiment;

[0017] FIG. 6 shows an illustrative process for high-pass
filtering a PPG signal in accordance with an embodiment; and
[0018] FIG.7 shows an illustrative process for determining
blood pressure from identified characteristic points obtained
through process 600 of FIG. 6 of a filtered PPG signal in
accordance with an embodiment.

DETAILED DESCRIPTION

[0019] Some CNIBP monitoring techniques utilize two
probes or sensors positioned at two different locations on a
subject’s body. The elapsed time, T, between the arrivals of
corresponding points of a pulse signal at the two locations
may then be determined using signals obtained by the two
probes or sensors. The estimated blood pressure, p, may then
be related to the elapsed time, T, by

p=a+bIn(T) (1)

where a and b are constants that may be dependent upon the
nature of the subject and the nature of the signal detecting
devices. Other suitable equations using an elapsed time
between corresponding points of a pulse signal may also be
used to derive an estimated blood pressure measurement.
[0020] Equation (1) may be used to determine the estimated
blood pressure from the time difference, T, between corre-
sponding points of a pulse signal received by two sensors or
probes attached to two different locations of a subject. As
described in more detail below, howevet, the value used for
the time difference, T, in equation (1) (or in any other blood
pressure equation using an elapsed time value between cor-
responding points of a pulse signal) may also be derived from
a signal obtained from a single sensor or probe. In some
embodiments, the signal obtained from the single sensor or
probe may take the form of a PPG signal obtained, for
example, from a CNIBP monitoring system or pulse oxime-
ter.

[0021] A PPG signal may be used to determine blood pres-
sure according to the present disclosure at least in part
because the shape of the PPG signal may be considered to be
made up of the pulse wave and its many reflections through-
out the circulatory system. As such, blood pressure equations
used in continuous blood pressure monitoring techniques that
use sensors or probes at two locations (e.g., equation (1)
above) may also be used with continuous blood pressure
monitoring techniques that use only a single probe. As
described in more detail below, characteristic points may be
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identified in a detected PPG signal. To determine blood pres-
sure using a PPG signal, the time difference, T, in equation (1)
(or in any other blood pressure equation using the time
between corresponding points of a pulse signal) may then be
substituted with the time between two characteristic points in
a detected PPG signal.

[0022] FIG. 11is a perspective view of an embodiment of a
CNIBP monitoring system 10 that may also be used to pet-
form pulse oximetry. System 10 may include a sensor 12 and
a monitor 14. Sensor 12 may include an emitter 16 for emit-
ting light at one or more wavelengths into a patient’s tissue. A
detector 18 may also be provided in sensor 12 for detecting
the light originally from emitter 16 that emanates from the
patient’s tissue after passing through the tissue.

[0023] According to another embodiment and as will be
described, system 10 may include a plurality of sensors form-
ing a sensor array in lieu of single sensor 12. Each of the
sensors of the sensor array may be a complementary metal
oxide semiconductor (CMOS) sensor. Alternatively, each
sensor of the array may be charged coupled device (CCD)
sensor. In another embodiment, the sensor array may be made
up of a combination of CMOS and CCD sensors. The CCD
sensor may comprise a photoactive region and a transmission
region for receiving and transmitting data whereas the CMOS
sensor may be made up of an integrated circuit having an
array of pixel sensors. Each pixel may have a photodetector
and an active amplifier.

[0024] According to an embodiment, emitter 16 and detec-
tor 18 may be on opposite sides of a digit such as a finger or
toe, in which case the light that is emanating from the tissue
has passed completely through the digit. In an embodiment,
detector 18 (e.g., a reflective sensor) may be positioned any-
where a strong pulsatile flow may be detected (e.g., over
arteries in the neck, wrist, thigh, ankle, ear, or any other
suitable location). In an embodiment, emitter 16 and detector
18 may be arranged so that light from emitter 16 penetrates
the tissue and is reflected by the tissue into detector 18, such
as a sensor designed to obtain pulse oximetry or CNIBP data
from a patient’s forehead.

[0025] Inanembodiment, the sensoror sensor array may be
connected to and draw its power from monitor 14 as shown. In
another embodiment, the sensor may be wirelessly connected
to monitor 14 and include its own battery or similar power
supply (not shown). Monitor 14 may be configured to calcu-
late physiological parameters (e.g., blood pressure) based at
least in part on data received from sensor 12 relating to light
emission and detection. In an alternative embodiment, the
calculations may be performed on the monitoring device
itself and the result of the light intensity reading may be
passed to monitor 14. Further, monitor 14 may include a
display 20 configured to display the physiological parameters
or other information about the system. In the embodiment
shown, monitor 14 may also include a speaker 22 to provide
an audible sound that may be used in various other embodi-
ments, such as for example, sounding an audible alarm in the
event that a patient’s physiological parameters are not within
a predefined normal range.

[0026] In an embodiment, sensor 12, or the sensor array,
may be communicatively coupled to monitor 14 via a cable
24. However, in other embodiments, a wireless transmission
device (not shown) or the like may be used instead of or in
addition to cable 24.

[0027] In the illustrated embodiment, system 10 may also
include a multi-parameter patient monitor 26. The monitor
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may be cathode ray tube type, a flat panel display (as shown)
such as a liquid crystal display (LCD) or a plasma display, or
any other type of monitor now known or later developed.
Multi-parameter patient monitor 26 may be configured to
calculate physiological parameters and to provide a display
28 for information from monitor 14 and from other medical
monitoring devices or systems (not shown). For example,
multi-parameter patient monitor 26 may be configured to
display an estimate of a patient’s blood pressure from monitor
14, blood oxygen saturation generated by monitor 14 (re-
ferred to as an “SpO,” measurement), and pulse rate infor-
mation from monitor 14.

[0028] Monitor 14 may be communicatively coupled to
multi-parameter patient monitor 26 via a cable 32 or 34 that is
coupled to a sensor input port or a digital communications
port, respectively and/or may communicate wirelessly (not
shown). In addition, monitor 14 and/or multi-parameter
patient monitor 26 may be coupled to a network to enable the
sharing of information with servers or other workstations (not
shown). Monitor 14 may be powered by a battery (not shown)
or by a conventional power source such as a wall outlet.
[0029] Calibration device 80, which may be powered by
monitor 14, a battery, or by a conventional power source such
as a wall outlet, may include any suitable blood pressure
calibration device. For example. calibration device 80 may
take the form of any invasive or non-invasive blood pressure
monitoring or measuring system used to generate reference
blood pressure measurements for use in calibrating the
CNIBP monitoring techniques described herein. Such cali-
bration devices may include, for example, an aneroid or mer-
cury sphygmomanometer and occluding cuff, a pressure sen-
sor inserted directly into a suitable artery of a patient, an
oscillometric device or any other device or mechanism used
to sense, measure, determine, or derive a reference blood
pressure measurement. In some embodiments, calibration
device 80 may include a manual input device (not shown)
used by an operator to manually input reference blood pres-
sure measurements obtained from some other source (e.g., an
external invasive or non-invasive blood pressure measure-
ment system).

[0030] Calibration device 80 may also access reference
blood pressure measurements stored in memory (e.g., RAM,
ROM, or a storage device). For example, in some embodi-
ments, calibration device 80 may access reference blood pres-
sure measurements from a relational database stored within
calibration device 80, monitor 14, or multi-parameter patient
monitor 26. The reference blood pressure measurements gen-
erated or accessed by calibration device 80 may be updated in
real-time, resulting in a continuous source of reference blood
pressure measurements for use in continuous or periodic cali-
bration. Alternatively, reference blood pressure measure-
ments generated or accessed by calibration device 80 may be
updated periodically, and calibration may be performed on
the same periodic cycle. In the depicted embodiments, cali-
bration device 80 is connected to monitor 14 via cable 82. In
other embodiments, calibration device 80 may be a stand-
alone device that may be in wireless communication with
monitor 14. Reference blood pressure measurements may
then be wirelessly transmitted to monitor 14 for use in cali-
bration. In still other embodiments, calibration device 80 is
completely integrated within monitor 14.

[0031] FIG. 2 is a block diagram of a CNIBP monitoring
system, such as system 10 of FIG. 1, which may be coupled to
apatient 40 in accordance with an embodiment. Certain illus-
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trative components of sensor 12 and monitor 14 are illustrated
in FIG. 2. Sensor 12 may include emitter 16, detector 18, and
encoder 42. In the embodiment shown, emitter 16 may be
configured to emit at least one wavelength of light (e.g., RED
or IR) into a patient’s tissue 40. For calculating SpO.,, emitter
16 may include a RED light emitting light source such as
RED light emitting diode (LED) 44 and an IR light emitting
light source such as IR LED 46 for emitting light into the
patient’s tissue 40. In other embodiments, emitter 16 may
include a light emitting light source of a wavelength other
than RED or IR. In one embodiment, the RED wavelength
may be between about 600 nm and about 700 nm, and the IR
wavelength may be between about 800 nm and about 1000
nm. In embodiments where a sensor array is used in place of
single sensor, each sensor may be configured to emit a single
wavelength. For example, a first sensor emits only a RED
light while a second only emits an IR light.

[0032] It will be understood that, as used herein, the term
“light” may refer to energy produced by radiative sources and
may include one or more of ultrasound, radio, microwave,
millimeter wave, infrared, visible, ultraviolet, gamma ray or
X-ray electromagnetic radiation. As used herein, light may
also include any wavelength within the radio, microwave,
infrared, visible, ultraviolet, or X-ray spectra, and that any
suitable wavelength of electromagnetic radiation may be
appropriate for use with the present techniques. Detector 18
may be chosen to be specifically sensitive to the chosen
targeted energy spectrum of the emitter 16.

[0033] Inanembodiment, detector 18 may be configured to
detect the intensity of light at the emitted wavelengths (or any
other suitable wavelength). Alternatively, each sensor in the
array may be configured to detect an intensity of a single
wavelength. In operation, light may enter detector 18 after
passing through the patient’s tissue 40. Detector 18 may
convert the intensity of the received light into an electrical
signal. The light intensity is directly related to the absorbance
and/or reflectance of light in the tissue 40. That is, when more
light at a certain wavelength is absorbed, reflected or scat-
tered, less light of that wavelength is received from the tissue
by the detector 18. After converting the received light to an
electrical signal, detector 18 may send the signal to monitor
14, where physiological parameters may be calculated based
on the absorption of one or more of the RED and IR (or other
suitable) wavelengths in the patient’s tissue 40.

[0034] In an embodiment, encoder 42 may contain infor-
mation about sensor 12, such as what type of sensor it is (e.g,,
whether the sensor is intended for placement on a forehead or
digit) and the wavelength or wavelengths of light emitted by
emitter 16. This information may be used by monitor 14 to
select appropriate algorithms, lookup tables and/or calibra-
tion coefficients stored in monitor 14 for calculating the
patient’s physiological parameters.

[0035] Encoder 42 may contain information specific to
patient 40, such as, for example, the patient’s age, weight, and
diagnosis. This information may allow monitor 14 to deter-
mine, for example, patient-specific threshold ranges in which
the patient’s physiological parameter measurements should
fall and to enable or disable additional physiological param-
eter algorithms. Encoder 42 may, for instance, be a coded
resistor which stores values corresponding to the type of
sensor 12 or the type of each sensor in the sensor array, the
wavelength or wavelengths of light emitted by emitter 16 on
each sensor of the sensor array, and/or the patient’s charac-
teristics. In another embodiment, encoder 42 may include a
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memory on which one or more of the following information
may be stored for communication to monitor 14: the type of
the sensor 12; the wavelength or wavelengths of light emitted
by emitter 16; the particular wavelength each sensor in the
sensor array is monitoring; a signal threshold for each sensor
in the sensor array; any other suitable information; or any
combination thereof.

[0036] In an embodiment, signals from detector 18 and
encoder 42 may be transmitted to monitor 14. In the embodi-
ment shown, monitor 14 may include a general-purpose
microprocessor 48 connected to an internal bus 50. Micro-
processor 48 may be adapted to execute software, which may
include an operating system and one or more applications, as
part of performing the functions described herein. Also con-
nected to bus 50 may be a read-only memory (ROM) 52, a
random access memory (RAM) 54, user inputs 56, display 20,
and speaker 22.

[0037] RAM 54 and ROM 52 are illustrated by way of
example, and not limitation. Any suitable computer-readable
media may be used in the system for data storage. Computer-
readable media are capable of storing information that can be
interpreted by microprocessor 48. This information may be
data or may take the form of computer-executable instruc-
tions, such as software applications, that cause the micropro-
cessor to perform certain functions and/or computer-imple-
mented methods. Depending on the embodiment, such
computer-readable media may include computer storage
media and communication media. Computer storage media
may include volatile and non-volatile, removable and non-
removable media implemented in any method or technology
for storage of information such as computer-readable instruc-
tions, data structures, program modules or other data. Com-
puter storage media may include, but is not limited to, RAM,
ROM, EPROM, EEPROM, flash memory or other solid state
memory technology, CD-ROM, DVD, or other optical stor-
age, magnetic cassettes, magnetic tape, magnetic disk storage
or other magnetic storage devices, or any other medium
which can be used to store the desired information and which
can be accessed by components of the system.

[0038] In the embodiment shown, a time processing unit
(TPU) 58 may provide timing control signals to a light drive
circuitry 60, which may control when emitter 16 is illumi-
nated and multiplexed timing for the RED LED 44 and the IR
LED 46. TPU 58 may also control the gating-in of signals
from detector 18 through an amplifier 62 and a switching
circuit 64. These signals are sampled at the proper time,
depending upon which light source is illuminated. The
received signal from detector 18 may be passed through an
amplifier 66, a low pass filter 68, and an analog-to-digital
converter 70. The digital data may then be stored in a queued
serial module (QSM) 72 (or buffer) for later downloading to
RAM 54 as QSM 72 fills up. In one embodiment, there may
be multiple separate parallel paths having amplifier 66, filter
68, and A/D converter 70 for multiple light wavelengths or
spectra received.

[0039] In an embodiment, microprocessor 48 may deter-
mine the patient’s physiological parameters, such as blood
pressure, SpO.,, and pulse rate, using various algorithms and/
or look-up tables based on the value of the received signals
and/or data corresponding to the light received by detector 18.
Signals corresponding to information about patient 40, and
particularly about the intensity of light emanating from a
patient’s tissue over time, may be transmitted from encoder
42 to a decoder 74. These signals may include, for example,
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encoded information relating to patient characteristics.
Decoder 74 may translate these signals to enable the micro-
processor to determine the thresholds based on algorithms or
look-up tables stored in ROM 52. User inputs 56 may be used
to enter information about the patient, such as age, weight,
height, diagnosis, medications, treatments, and so forth. In an
embodiment, display 20 may exhibit a list of values which
may generally apply to the patient, such as, for example, age
ranges or medication families, which the user may select
using user inputs 56.

[0040] The optical signal through the tissue can be
degraded by noise, among other sources. One source of noise
is ambient light that reaches the light detector. Another source
of noise is electromagnetic coupling from other electronic
instruments. Movement of the patient also introduces noise
and affects the signal. For example, the contact between the
detector and the skin, or the emitter and the skin, can be
temporarily disrupted when movement causes either to move
away from the skin. In addition, because blood is a fluid, it
responds differently than the surrounding tissue to inertial
effects, thus resulting in momentary changes in volume at the
point to which the sensor or probe is attached.

[0041] Noise (e.g., from patient movement) can degrade a
CNIBP or pulse oximetry signal relied upon by a physician,
without the physician’s awareness. This is especially true if
the monitoring of the patient is remote, the motion is too small
to be observed, or the doctor is watching the instrument or
other parts of the patient, and not the sensor site. Processing
CNIBP or pulse oximetry (i.e., PPG) signals may involve
operations that reduce the amount of noise present in the
signals or otherwise identify noise components in order to
prevent them from affecting measurements of physiological
parameters derived from the PPG signals.

[0042] CNIBP monitoring system 10 may also include cali-
bration device 80. Although shown external to monitor 14 in
the example of FIG. 2, calibration device 80 may additionally
or alternatively be internal to monitor 14. Calibration device
80 may be connected to internal bus 50 of monitor 14. As
described in more detail below, reference blood pressure
measurements from calibration device 80 may be accessed by
microprocessor 48 for use in calibrating the CNIBP measure-
ments.

[0043] FIG. 3 is an illustrative processing system 300 in
accordance with an embodiment. In an embodiment, input
signal generator 310 generates an input signal 316. As illus-
trated, input signal generator 310 may include oximeter 320
(or similar device) coupled to sensor 318, which may provide
as input signal 316, a PPG signal. It will be understood that
input signal generator 310 may include any suitable signal
source, signal generating data, signal generating equipment,
or any combination thereof to produce signal 316.

[0044] Sensor 318 may be placed at a site on a patient, such
as a fingertip, toe, forehead, or earlobe, or in the case of a
neonate, across a foot. The morphology of the PPG signal,
e.g., the features of the pulse wave, generated by sensor 318
may vary according to where sensor 318 is placed, thus
requiring different signal processing techniques to be
employed when analyzing the respective PPG signals. For
instance, the PPG signal generated by a reflective sensor on
the forehead generally has a more “rounded” appearance
(e.g., fewer characteristic points) than the PPG signal gener-
ated by a sensor on the finger. The oximeter may pass light
using a light source through blood perfused tissue and pho-
toelectrically sense the absorption of light in the tissue. For
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example, oximeter 320 may measure the intensity of light that
is received at sensor 318 as a function of time.

[0045] A signal representing light intensity versus time ora
mathematical manipulation of this signal (e.g., a scaled ver-
sion thereof, a log taken thereof, a scaled version of a log
taken thereof, etc.) may be referred to as the photoplethys-
mograph (PPG) signal. In addition, the term “PPG signal,” as
used herein, may also refer to an absorption signal (i.e., rep-
resenting the amount of light absorbed by the tissue) or any
suitable mathematical manipulation thereof The light inten-
sity or the amount of light absorbed may then be used to
calculate the amount of the blood constituent (e.g., oxyhemo-
globin) being measured as well as the pulse rate and when
each individual pulse occurs.

[0046] In an embodiment, signal 316 may be coupled to
processor 312. Processor 312 may be any suitable sofiware,
firmware, and/or hardware, and/or combinations thereof for
processing signal 316. For example, processor 312 may
include one or more hardware processors (e.g., integrated
circuits), one or more software modules, computer-readable
media such as memory, firmware, or any combination
thereof. Processor 312 may, for example, be a computer or
may be one or more chips (i.e., integrated circuits). Processor
312 may perform some or all of the calculations associated
with the blood pressure monitoring methods of the present
disclosure. For example, processor 312 may determine the
time difference, T, between any two chosen characteristic
points of a PPG signal obtained from input signal generator
310. Processor 312 may also be configured to apply equation
(1) (or any other blood pressure equation using an elapsed
time value) and compute estimated blood pressure measure-
ments on a continuous or periodic basis. Processor 312 may
also perform any suitable signal processing of signal 316 to
filter signal 316, such as any suitable band-pass filtering,
adaptive filtering, closed-loop filtering, and/or any other suit-
able filtering, and/or any combination thereof. For example,
signal 316 may be filtered one or more times prior to or after
identifying characteristic points in signal 316.

[0047] Processor 312 may be coupled to one or more
memory devices (not shown) or incorporate one or more
memory devices such as any suitable volatile memory device
(e.g., RAM, registers, etc.), non-volatile memory device (e.g.,
ROM, EPROM, magnetic storage device, optical storage
device, flash memory, etc.), or both. Processor 312 may be
coupled to a calibration device (not shown) that may generate
or receive as input reference blood pressure measurements for
use in calibrating CNIBP calculations.

[0048] Processor 312 may be coupled to output 314. Output
314 may be any suitable output device such as, for example,
one or more medical devices (e.g., a medical monitor that
displays various physiological parameters, a medical alarm,
or any other suitable medical device that either displays
physiological parameters or uses the output of processor 212
as an input), one or more display devices (e.g., monitor, PDA,
mobile phone, any other suitable display device, or any com-
bination thereof), one or more audio devices, one or more
memory devices (e.g., hard disk drive, flash memory, RAM,
optical disk, any other suitable memory device, or any com-
bination thereof), one or more printing devices, any other
suitable output device, or any combination thereof.

[0049] Itwill be understood that system 300 may be incor-
porated into system 10 (FIGS. 1 and 2) in which, for example,
input signal generator 310 may be implemented as parts of
sensor 12 and monitor 14 and processor 312 may be imple-
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mented as part of monitor 14. In some embodiments, portions
of system 300 may be configured to be portable. For example,
all or a part of system 300 may be embedded in a small,
compact object carried with or attached to the patient (e.g., a
watch (or other piece of jewelry) or cellular telephone). In
such embodiments, a wireless transceiver (not shown) may
also be included in system 300 to enable wireless communi-
cation with other components of system 10. As such, system
10 may be part of a fully portable and continuous blood
pressure monitoring solution.

[0050] Reliable blood pressure measurements may be
derived from a PPG signal obtained from a single sensor or
probe. In some embodiments, the constants a and b in equa-
tion (1) above may be determined by performing a calibra-
tion. The calibration may involve taking a reference blood
pressure reading to obtain a reference blood pressure P,
measuring the elapsed time T, corresponding to the reference
blood pressure, and then determining values for both of the
constants a and b from the reference blood pressure and
elapsed time measurement. Calibration may be performed at
any suitable time (e.g., once initially after monitoring begins)
or on any suitable schedule (e.g., a periodic or event-driven
schedule).

[0051] Insome embodiments, the calibration may include
performing calculations mathematically equivalent to

c(Po—cy) @
a=c + -
In(Ty) + ¢,
and
_ Py-a 3)
T In(Ty) + 2

to obtain values for the constants a and b, where ¢, and c, are
predetermined constants that may be determined, for
example, based on empirical data.

[0052] In other embodiments, determining the plurality of
constant parameters in the multi-parameter equation (1) may
include performing calculations mathematically equivalent
to

a=Py(c3Tyrey)In(Ty) (©)
and
b=cyTy+ey (5)

where a and b are first and second parameters and ¢, and ¢, are
predetermined constants that may be determined, for
example, based on empirical data.

[0053] In some embodiments, the multi-parameter equa-
tion (1) may include a non-linear function which is mono-
tonically decreasing and concave upward in a manner speci-
fied by the constant parameters.

[0054] As mentioned above, multi-parameter equation (1)
may be used to determine estimated blood pressure measure-
ments from the time difference, T, between two or more
characteristic points of a PPG signal. In some embodiments,
the PPG signals used in the CNIBP monitoring techniques
described herein are generated by a pulse oximeter or similar
device.

[0055] The present disclosure may be applied to measuring
systolic blood pressure, diastolic blood pressure, mean arte-
rial pressure (MAP), or any combination of the foregoing on
an on-going, continuous, or periodic basis. U.S. patent appli-
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cation Ser. No. 12/242,238 filed Sep. 30, 2008, which is
hereby incorporated by reference herein in its entirety, dis-
closes some techniques for continuous and non-invasive
blood pressure monitoring that may be used in conjunction
with the present disclosure.

[0056] FIG. 4 shows illustrative PPG signal 400. As
described above, in some embodiments PPG signal 400 may
be generated by a pulse oximeter or similar device positioned
at any suitable location of a subject’s body, e.g., the forehead,
toe, finger, chest, or ear. For example, signal 400 is typical of
an unfiltered PPG signal generated by a pulse oximeter posi-
tioned on a subject’s finger. Furthermore, PPG Signal 400
may be detected by microprocessor 48 (FIG. 2) and/or pro-
cessor 312 (FIG. 3) in CNIBP monitoring or pulse oximetry
system 10. Notably, PPG signal 400 may be generated using
only asingle sensor or probe attached to a suitable location on
the subject’s body, e.g., on the patient’s finger, toe, forehead,
or earlobe.

[0057] Characteristic points in a PPG signal (e.g., PPG
signal 400) may be identified in a number of ways, and using
any suitable signal processing techniques. These characteris-
tic points may be identified on the detected PPG signal, or a
filtered version of the PPG signal. The detected PPG signal
may be filtered to allow for easier identification of character-
istic points, thereby improving results. The PPG signal (e.g.,
PPG signal 400) may be filtered one or more times using any
combination of suitable filters. For example, microprocessor
48 (FIG. 2) and/or processor 312 (FIG. 3) may implement
various types of digital (e.g., Finite Impulse Response (FIR)
or Infinite Impulse Response (IIR) filters) or analog filters
(e.g., Butterworth, Chebyshev, or Elliptical filters), using, for
example, low pass, high-pass, and band-pass filters in order to
process the detected PPG signal before identifying character-
istic points. For instance, in some embodiments, the PPG
signal is first filtered using a low-pass or band-pass filter, and
may subsequently be filtered using a high-pass filter. Embodi-
ments of a suitable high-pass filter will be described below in
reference to FIGS. 5-7.

[0058] In some embodiments, the turning points of the
filtered PPG signal are used as characteristic points. Addi-
tionally or alternatively, points of inflection in the filtered
PPG signal (or any suitable derivative thereof) may also be
used as characteristic points of the filtered PPG signal. The
time difference, T, in the above equations (see, e.g., equation
(1)) may also be computed. T may correspond to the time it
takes the pulse wave to travel a predetermined distance (e.g.,
a distance from the sensor or probe to a reflection point and
back to the sensor or probe). Characteristic points in the
filtered PPG signal may also include the time between various
peaks in the filtered PPG signal and/or in some derivative of
the filtered PPG signal. For example, in some embodiments,
the time difference, T, may be calculated between the maxi-
mum peak of the filtered PPG signal and the second peak in
the filtered PPG signal. Any other suitable time difference
between any suitable characteristic points in the filtered PPG
signal (e.g., PPG signal 400) or any derivative of the filtered
PPG signal may be used as Tin other embodiments.

[0059] Insome embodiments, the time difference between
the adjacent peaks in the filtered PPG signal, the time differ-
ence between the adjacent valleys in the filtered PPG signal,
or the time difference between any combination of peaks and
valleys, can be used as the time difference T. As such, adjacent
peaks and/or adjacent valleys in the filtered PPG signal (or in
any derivative thereof) may also be considered characteristics
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points. In some embodiments, these time differences may be
divided by the actual or estimated heart rate to normalize the
time differences.

[0060] A patient’s blood pressure may be monitored con-
tinuously using a moving average filtered PPG signal. PPG
signal detection means may include a pulse oximeter (or other
similar device) and associated hardware, software, or both. A
processor may continuously analyze the signal from the PPG
signal detection means in order to continuously monitor a
patient’s blood pressure.

[0061] In some embodiments, past blood pressure mea-
surements may be used to scale current and future measure-
ments. For example, to avoid large swings in detected blood
pressure a running or moving blood pressure average may be
maintained. Detected blood pressure values outside some
pre-defined threshold of the moving average may be ignored
in some embodiments. Additionally or alternatively, detected
blood pressure values outside some pre-defined threshold of
the moving average may automatically signal a recalibration
event.

[0062] According to some embodiments, one or more cali-
bration (or recalibration) steps may be employed by measur-
ing the patient’s blood pressure (or a reference blood pres-
sure), Py, and then measuring the corresponding elapsed time,
T,, between the chosen characteristic points in the PPG sig-
nal, as described in the calibration equations (2)-(5) above.
Updated or refined values for constants a and b of equation (1)
(or other suitable blood pressure equation) may then be com-
puted based on the calibration. Calibration may be performed
once, initially at the start of the continuous monitoring, or
calibration may be performed on a regular or event-driven
schedule. In some embodiments, calibration may also include
changing the characteristic points used to compute the time
difference, T. For example, several different blood pressure
determinations may be made in parallel using different sets of
characteristic points. The set of characteristic points that
vields the most accurate blood pressure reading during the
calibration period may then be used as the new set of charac-
teristic points. As such, the characteristic points of the PPG
signal used in the blood pressure determination may be modi-
fied on-the-fly and may vary during a single monitoring ses-
sion. Such an adaptive approach to selecting characteristic
points in the PPG signal may help yield more accurate blood
pressure readings.

[0063] FIG. 5 shows a graph 500 with an illustrative PPG
signal 502, a band-pass filtered PPG signal 504 derived from
signal 502, and a high-pass filtered PPG signal 506 derived
from signal 502. As described above, in some embodiments
PPG signal 502 may be generated by a pulse oximeter or
similar device (e.g., CNIBP monitoring or pulse oximetry
system 10 of FIG. 1) positioned at any suitable location of a
subject’s body, e.g., the forehead, toe, finger, chest, or ear-
lobe. Furthermore, PPG Signal 502 may be received or
detected by microprocessor 48 (FIG. 2) and/or processor 312
(FIG. 3) in CNIBP monitoring or pulse oximetry system 10.
As mentioned above, the morphology of the PPG signal, e.g.,
the features of the pulse wave, may vary according to the site
on the patients’ body where the sensor is placed. For instance,
PPG signal 502 may be generated by a reflective sensor on the
forehead generally giving it a more “rounded” appearance
(e.g., fewer characteristic points) than PPG signal 400 of FIG.
4, which may be generated by a sensor on the finger. The
particular morphology of PPG signal 502, including peak 508
and valley 510, may be a result of the complex path(s) taken
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by propagating pulse waves to the measurement site. For
instance, in the forehead, the PPG signal morphology may
include anastomeses between the internal and external
carotid arteries through positions around the location of the
eye.

[0064] Filtered PPG signal 504 may be generated from
signal 502 using a variety of filtering approaches. In an
embodiment, PPG signal 502 may be low-pass filtered with a
suitable cut-off frequency (e.g., approximately 5-10 Hz) and
then high-pass filtered with a suitable high-pass filter cut-off
frequency (e.g., approximately 0.5 Hz) to generate filtered
PPG signal 504. Alternatively, a band-pass filter with suitable
band-pass frequencies (e.g., approximately 0.5-10 Hz) may
be used to filter PPG signal 502. In this manner, the funda-
mental pulse frequency and other salient features of the PPG
signal 502 may be preserved in filtered PPG signal 504. In
general, the PPG signal (e.g., PPG signal 502) may be filtered
one or more times using any combination of suitable filters.
For example, microprocessor 48 (FIG. 2) and/or processor
312 (FIG. 3) of CNIBP monitoring or pulse oximetry system
10 (FIG. 1) may implement various types of digital filters
(e.g., Finite Impulse Response (FIR) or Infinite Impulse
Response (IIR) filters) or analog filters (e.g., Butterworth,
Chebyshev, or Elliptical filters).

[0065] For some PPG signals (e.g., PPG signal 502) that
may have been generated at a site with complex pulse propa-
gation paths, e.g., the forehead, it may be advantageous to
high-pass filter the PPG signal using a cut-off frequency f,
that is substantially higher than the fundamental pulse fre-
quency. Filtered PPG signal 506 may be generated from sig-
nal 502 using a variety of filtering approaches. As with filtered
PPG signal 504, filtered PPG signal 506 may be generated by
filtering PPG signal 502 one or more times using any combi-
nation of suitable filters. For example, microprocessor 48
(FIG. 2) and/or processor 312 (FIG. 3) of CNIBP monitoring
or pulse oximetry system 10 (FIG. 1) may implement various
types of digital filters (e.g., Finite Impulse Response (FIR) or
Infinite Impulse Response (TIR) filters) or analog filters (e.g.,
Butterworth, Chebyshev, or Elliptical filters). In an embodi-
ment, PPG signal 502 may be high-pass filtered with a cut-off
frequency £, falling approximately between 0.75 Hz and 15
Hz, to obtain filtered PPG signal 506. For example, the cut-off
frequency may be approximately 7.5 Hz. In an alternative
embodiment, PPG signal 502 may be filtered one or more
times using a digital or analog differentiation filter to obtain
filtered PPG signal 506. Filtered PPG signal 506 may contain
peaks 512,514 and 516, and valleys 518 and 520. These peaks
and valleys may be identified by microprocessor 48 (FIG. 2)
and/or processor 312 (FIG. 3) of CNIBP monitoring or pulse
oximetry system 10 (FIG. 1) as characteristic points of the
filtered PPG signal 506. In turn, the identified characteristic
points may be used to compute blood pressure measurements.
[0066] Insomeembodiments, PPG signal 502 may be high-
pass filtered with a cut-off frequency f selected to be greater
than a typical pulse rate, e.g., 0.75 Hz to 2.5 Hz, but less than
about 15 Hz.

[0067] Insomeembodiments, PPG signal 502 may be high-
pass filtered with a cut-off frequency f_ selected to be greater
than a subject’s pulse rate. A subject’s pulse rate may be
computed in any suitable manner. In some embodiments, the
subject’s pulse rate may be computed using a time-domain
analysis of PPG signal 502. In an embodiment, onset times of
each pulse in the PPG signal may be detected, and the pulse
ratein beats per minute may be computed as 60 divided by the
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difference of consecutive onset times. Alternatively, the pulse
rate inbeats per minute may be computed as 60 divided by the
difference ofthe average or mean of a set of consecutive onset
times in the PPG signal 502.

[0068] Insome embodiments, the subject’s pulse rate may
be computed using a frequency-domain analysis of PPG sig-
nal 502. In some embodiments, a Fourier transform of a
suitable length window of the PPG signal 502 may be com-
puted. The pulse frequency may then be detected from the
computed Fourier transform. In an embodiment, the pulse
frequency may be selected to be the frequency corresponding
to a peak in the Fourier transform in the typical pulse fre-
quency range, e.g., 0.75 Hz to 2.5 Hz. In an embodiment, the
pulse frequency may be selected to be the average of the
frequencies corresponding to peaks in the Fourier transform
in the typical pulse frequency range, e.g., 0.75 Hz to 2.5 Hz,
of two consecutive windows of PPG signal 502.

[0069] Insome embodiments, the subject’s pulse rate may
be updated or computed continuously or periodically, e.g., at
intervals of 15 seconds to 5 minutes, using a suitable time-
domain or frequency-domain analysis of the PPG signal 502
as described above. In an embodiment, each time the pulse
rate is computed, the cut-off frequency f. may be updated or
re-selected such that it remains greater than the subject’s
computed pulse rate. For example, the cut-off frequency f_
may be set approximately equal to the computed pulse rate, to
a frequency that is a predetermined amount (e.g., 0.5 Hz, 1
Hz,2 Hz,3Hz, 4 Hz, 5 Hz, 10 Hz, 15 Hz, etc.) higher than the
computed pulse rate, or to frequency selected from a list of
available filtering frequencies (e.g.,0.75Hz, 1 Hz,2 Hz, 3 Hz,
4Hz,5Hz,7.5Hz, 10Hz, 15 Hz, etc.). In an embodiment, the
cut-off frequency f. may be updated or re-selected based on
instantaneous values of pulse rate or a filtered pulse rate (e.g.,
a running average).

[0070] Those skilled in the art will appreciate that other
time-domain and/or frequency-domain methods for comput-
ing pulse rate other than those described above may be
employed.

[0071] The accuracy and reliability enabled by high-pass
filtering with a cut-off frequency £, substantially higher than
the fundamental pulse frequency, including the ability to
identify characteristic points in a PPG signal may be benefi-
cial for the derivation of physiological parameters such as
CNIBP which may depend on accurate determination of
pulse transit or first pulse arrival times. Additionally or alter-
natively, the high-pass filtered PPG signal may enable the
differentiation or disambiguation between low-frequency
components of a PPG signal (e.g., venous flow) and high-
frequency components of the PPG signal (e.g., arterial com-
ponents). PPG signals 502 and 504 may be dominated by, or
at least preserve a significant portion of, low-frequency com-
ponents, pertinent to the frequency of occurrence of PPG
pulses and other physiology of lower frequencies (for
example changes in vascular tone), while high-pass filtered
PPG signal 506 may be primarily dominated by, or at least
preserve a significant portion of, high-frequency components
pertinent to the component features of individual PPG pulses
(for example pulse arrival time, and notch positions and num-
bers).

[0072] Notably, the pulse transit time computed from sig-
nals 502 or 504 may be relatively unreliable and inaccurate,
when compared to the pulse transit time computed from fil-
tered PPG signal 506. The relatively rounded shape of signals
502 and 504 can make it relatively difficult to identify with
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accuracy and reliably characteristic points in the signal that
may be used to measure the pulse transit time. In an embodi-
ment, the pulse transit time for PPG signal 502 may be com-
puted as the time difference between peak 508 and valley 510.
For filtered PPG signal 506, the pulse transit time may be
computed using any of characteristic points 512, 514, 516,
518, and 520. The pulse transit time obtained from high-pass
filtered signal 506 in this manner would be much more accu-
rate and reliable than that obtained from PPG signal 502. For
instance, the pulse transit time calculated from signal 502 or
504 would be larger and less accurate than that computed
from signal 506. One reason for the higher accuracy and
reliability is that the use of high-pass filtered PPG signal 506
allows for identification of the characteristic points with
higher accuracy than the use of signals 502 and 504, thereby
allowing for a more accurate determination of pulse transit
time or other time differences computed from the identified
characteristic points. In an embodiment, high-pass filtered
PPG signal 506 may allow for more accurate determination of
the arrival time of the first pulse at the sensor site, whereas
points such as 508 and 510 make such a determination more
difficult and less accurate. For instance, the pulse transit time
calculated from signal 502 or 504 would be larger and less
accurate than that computed from signal 506.

[0073] In an embodiment, pulse transit time or any other
suitable time difference may be computed as the time differ-
ence between an identified characteristic point from the fil-
tered PPG signal derived from a PPG signal generated by a
first sensor and a corresponding identified characteristic point
from the filtered PPG signal derived from a PPG signal gen-
erated by a second sensor. The first and second sensors may be
located at different sites on the patient’s body, e.g., one sensor
on the patient’s finger and another sensor on the patient’s toe.
In other embodiments, such as those described in more detail
in U.S. patent application Ser. No. 12/242,238 filed Sep. 30,
2008, which is hereby incorporated by reference herein in its
entirety, a single sensor may be used to generate a PPG signal
from which two or more suitable characteristic points may be
identified. A time difference may then be computed from the
identified characteristic points. Those skilled in the art will
appreciate that methods other than the literal measurement of
distance between equivalent iducial points may be used for
determining pulse transit times. For example the cross-corre-
lationofhigh pass filtered pulses, or pulse trains, from the two
sites may be used to identify time delays.

[0074] FIG. 6 shows an illustrative process 600 for high-
pass filtering a PPG signal. At step 602, a PPG signal is
detected from a patient. For example, monitor 14 (FIGS. 1
and 2) may be used to detect a PPG signal from patient 40
(FIG. 2) using, for example, sensor 12 (FIGS. 1 and 2). The
sensor may be located at any suitable site on the patient, e.g.,
forehead, toe, finger, or chest. The PPG signal may be
detected by microprocessor 48 (FIG. 2) and/or processor 312
(FIG. 3) of CNIBP monitoring or pulse oximetry system 10
(FIG. 1). A user interacting with monitor 14 (FIGS. 1 and 2)
may then select a suitable cut-off frequency f. for the high-
pass filter. If a user does not make such a selection, micro-
processor 48 (FIG. 2) and/or processor 312 (FIG. 3) of
CNIBP monitoring or pulse oximetry system 10 (FIG. 1) may
retrieve a previous user-selected cut-off frequency from
memory or a storage device (e.g., ROM 52 or RAM 54 of
monitor 14 (FIG. 2)), or may use a cut-off frequency stored in
memory or a storage device (e.g., ROM 52 or RAM 54 of
monitor 14 (FIG. 2)). In an embodiment, suitable cut-off
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frequencies may be greater than 0.75 Hz, or less than 15 Hz.
For example, the cut-off frequency may be approximately 7.5
Hz.

[0075] In an embodiment, the cut-off frequency f_ is
selected to be greater than a typical pulse rate, e.g.,0.75 Hz to
2.5 Hz, butless than 15 Hz. In some embodiments, the cut-off
frequency f, is selected to be greater than a subject’s pulse
rate, which may be computed in any suitable manner as
described above in relation to FIG. 5. The subject’s pulse rate
may also be updated or computed continuously or periodi-
cally, e.g., at intervals of 15 seconds to 5 minutes, using a
suitable time-domain or frequency-domain analysis of win-
dows of the detected PPG signal as described above. Each
time the pulse rate is computed, the cut-off frequency f_ may
be updated or re-selected such that it remains greater than the
subject’s computed pulse rate. For example, the cut-off fre-
quency f, may be set approximately equal to the computed
pulse rate, to a frequency that is a predetermined amount (e.g.,
0.5Hz,1Hz,2Hz,3Hz,4Hz, 5 Hz,10Hz, 15Hz, etc.) higher
than the computed pulse rate, or to frequency selected from a
list of available filtering frequencies (e.g.. 0.75 Hz, 1 Hz, 2
Hz, 3 Hz, 4 Hz, 5 Hz, 7.5 Hz, 10 Hz, 15 Hz, etc.). In an
embodiment, the cut-off frequency f . may be updated or re-
selected based on instantaneous values of pulse rate or a
filtered pulse rate (e.g., a running average).

[0076] After a suitable cut-off frequency f. has been
selected or retrieved from memory or a storage device, the
detected PPG signal is filtered using a high-pass filter with the
selected cut off frequency f. (step 606). In practice, micro-
processor 48 (FIG. 2) and/or processor 312 (FIG. 3) of
CNIBP monitoring or pulse oximetry system 10 (FIG. 1) may
implement various types of digital high-pass (e.g., Finite
Impulse Response (FIR) or Infinite Impulse Response (IIR)
filters) or analog high-pass filters (e.g., Butterworth, Cheby-
shev, or Elliptical filters). In an alternative embodiment,
microprocessor 48 (FIG. 2) and/or processor 312 (FIG. 3) of
CNIBP monitoring or pulse oximetry system 10 (FIG. 1) may
use a differentiation filter or a sequence of differentiation
filters to process the detected PPG signal.

[0077] At step 608, two or more characteristic points from
a filtered PPG signal are identified. For example, micropro-
cessor 48 (FIG. 2) may analyze the filtered PPG signal and
identify various candidate characteristic points in the filtered
PPG signal. As described above, peaks, valleys, turning
points, and points of inflection in either the filtered PPG
signal or any suitable derivative of the filtered PPG signal may
be used as suitable characteristic points in some embodi-
ments. As described above, microprocessor 48 (FIG. 2) and/
or processor 312 (FIG. 3) of CNIBP monitoring or pulse
oximetry system 10 (FIG. 1) may identify such characteristic
points using any suitable signal processing techniques.
[0078] After the two or more characteristic points are iden-
tified in the filtered PPG signal, at step 610 a blood pressure
measurement is determined. This blood pressure measure-
ment may be determined using process 700 (FIG. 7) as
described below.

[0079] Inpractice, one or more steps shown in process 600
may be combined with other steps, performed in any suitable
order, performed in parallel (e.g., simultaneously or substan-
tially simultaneously), or removed.

[0080] FIG. 7 shows an illustrative process 700 for deter-
mining blood pressure from identified characteristic points of
a filtered PPG signal. The filtered PPG signal may be a high-
pass filtered PPG signal generated by microprocessor 48
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(FIG. 2) and/or processor 312 (FIG. 3) of CNIBP monitoring
or pulse oximetry system 10 (FIG. 1) using process 600 of
FIG. 6. At step 704, two or more characteristic points from a
filtered PPG signal are identified. Filtered PPG signal may be
generated using process 600 (FIG. 6) from a PPG signal that
is detected from a patient. For example, monitor 14 (FIGS. 1
and 2) may be used to detect a PPG signal from patient 40
(FIG. 2) using, for example, sensor 12 (FIGS. 1 and 2), and
process 600 (FIG. 6) may beused to identify the characteristic
points of the filtered PPG signal.

[0081] After the characteristic points are identified in the
filtered PPG signal, at step 706 a determination is made
whether a calibration is required or signaled (or should be
signaled or required). As described above, a calibration may
be performed once after monitoring initialization or calibra-
tion may be performed periodically on any suitable schedule.
For example, a calibration event may be signaled by micro-
processor 48 (FIG. 2) after blood pressure measurements
have exceeded some predefined threshold window or some
standard deviation from the mean or moving average of pre-
vious measurements. As another example, a calibration event
may be signaled by microprocessor 48 (FIG. 2) after the
passage of some predetermined length of time from the last
calibration event. In such embodiments, microprocessor 48
(FIG. 2) may access a timer or clock and automatically signal
calibration events on a periodic schedule.

[0082] If calibration has been signaled or required, at step
708 one or more reference blood pressure measurements may
be accessed. For example, calibration device 80 (FIGS. 1 and
2) may continuously or periodically generate reference blood
pressure measurements for usein calibration. These reference
blood pressure measurements may be derived from any suit-
able invasive or non-invasive blood pressure monitoring tech-
nique. The measurements may also be accessed from any
suitable storage device, or the measurements may be manu-
ally inputted by an operator (e.g., if read from an external
monitoring or measurement device).

[0083] After the reference blood pressure measurement or
measurements are accessed, at step 710 constant parameters
may be updated. For example, one or more of constants a and
b of equation (1) above may be updated. Any other suitable
constants or parameters (of any other suitable blood pressure
equation) may be updated in other embodiments. At step 712,
a determination is made whether or not to change character-
istic points, e.g., whether or not to identify one or more other
suitable characteristic points. For example, microprocessor
48 (FI1G. 2) may dynamically alter the set of characteristic
points identified at step 704. As described above, process 600
(FIG. 6) may be used to identify the other suitable character-
istic points of the filtered PPG signal. In some embodiments,
multiple sets of characteristic points are identified in parallel
and the set of characteristic points yielding the closest blood
pressure measurement to the reference blood pressure mea-
surement accessed at step 708 is selected as the new set of
characteristic points. If a new set of characteristic points are
identified, process 700 may return to step 704.

[0084] If the set of characteristic points is not changed at
step 712 (or if no calibration is required at step 716), then
process 700 may continue at step 714. At step 714, the time
difference, T, between the identified characteristic points in
the filtered PPG signal may be determined. For example,
microprocessor 48 (FIG. 2) may compute the time difference
between two adjacent peaks, two adjacent valleys, turning
points, or points of inflection directly from the filtered PPG
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signal. Microprocessor 48 (FIG. 2) may also compute one or
more derivatives of the filtered PPG signal and determine the
time difference between any two characteristic points in any
PPG, filtered PPG and derivative signals thereof.

[0085] Finally, at step 716, a blood pressure measurement
may be determined based, at least in part, on the time differ-
ence determined at step 614. For example, equation (1) above
(or any other blood pressure equation using an elapsed time
between the arrival of corresponding points of a pulse signal
or any other suitable computed time difference) may be used
to compute estimated blood pressure measurements. The
computed time difference between characteristic points in the
PPG signal may be substituted for the elapsed time between
the arrival of corresponding points of a pulse signal. After a
blood pressure measurement is determined at step 716, pro-
cess 700 may return to step 704 and identify new character-
istic points of a filtered PPG signal (or access a new segment
of a running filtered PPG signal). As such, process 700 may
generate blood pressure measurements continuously.

[0086] After blood pressure measurements are determined,
the measurements may be outputted, stored, or displayed in
any suitable fashion (718). For example, multi-parameter
patient monitor 26 (FIG. 1) may display a patient’s blood
pressure on display 28 (F1G. 1). Additionally or alternatively,
the measurements may be saved to memory or a storage
device (e.g., ROM 52 or RAM 54 of monitor 14 (FIG. 2)) for
later analysis or as a log of a patient’s medical history.
[0087] Inpractice, one or more steps shown in process 700
may be combined with other steps, performed in any suitable
order, performed in parallel (e.g., simultaneously or substan-
tially simultaneously), or removed.

[0088] The foregoing is merely illustrative of the principles
of this disclosure and various modifications can be made by
those skilled in the art without departing from the scope and
spirit of the disclosure. The above described embodiments are
presented for purposes of illustration and not of limitation.
The present disclosure also can take many forms other than
those explicitly described herein. Accordingly, it is empha-
sized that the disclosure is not limited to the explicitly dis-
closed methods, systems, and apparatuses, but is intended to
include variations to and modifications thereof which are
within the spirit of the following claims.

What is claimed is:

1. A system for high-pass filtering a photoplethysmograph
(PPG) signal used for determining blood pressure value of a
subject comprising;

a sensor configured to generate the PPG signal; and

a pulse oximeter configured to:

receive the PPG signal from the sensor;

determine a pulse frequency value indicative of a pulse
rate of the subject;

compute a cut-off frequency for a high-pass filter based
at least in part on the pulse frequency value, such that
the cut-off frequency is approximately equal to the
sum of the pulse frequency value and a selected fre-
quency value, wherein the selected frequency value is
one of: 0.5 Hz, 1 Hz, 2 Hz, 3 Hz, 4 Hz, 5 Hz, 10 Hz,
and 15 Hz;

generate a filtered PPG signal by applying the high-pass
filter to the PPG signal; and

determine, based at least in part on the filtered PPG
signal, the blood pressure value of the subject.
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2. The system of claim 1, wherein the sensor comprises a
pulse oximetry sensor configured to detect light attenuated by
blood perfused tissue of the subject.

3. The system of claim 1, wherein determining the blood
pressure value of the subject comprises identifying at least
one characteristic point in the filtered PPG signal.

4. The system of claim 3, wherein the pulse oximeter is
further configured to identify at least one stationary point or
inflection point of the filtered PPG signal.

5. The system of claim 3, wherein the pulse oximeter is
further configured to identify a local trning point of the
filtered PPG signal.

6. The system of claim 3, wherein the pulse oximeter is
further configured to identify two peaks of the filtered PPG
signal.

7. The system of claim 3, wherein the pulse oximeter is
further configured to take a natural logarithm of a time dif-
ference determined from the at least one identified character-
istic point.

8. The system of claim 3, wherein the pulse oximeter is
further configured to determine the blood pressure value of
the subject by solving a multi-parameter equation, wherein
the multi-parameter equation is

p=a+b-n(T)

where p is the blood pressure value of the subject, T is a time
difference determined from the at least one identified charac-
teristic point, and a and b are constants.

9. The system of claim 1, wherein the pulse oximeter is
further configured to perform at least one calibration of the
blood pressure value of the subject, wherein the calibration is
based at least in part on a known reference blood pressure
value.

10. The system of claim 1, wherein the pulse oximeter is
further configured to update the cut-off frequency when the
pulse frequency value of the subject changes.

11. A method for high-pass filtering a photoplethysmo-
graph (PPG) signal used for determining a blood pressure
value of a subject comprising:

generating, using a sensor, the PPG signal;

determining, using a pulse oximeter, a pulse frequency

value indicative of a pulse rate of the subject;
computing, using the pulse oximeter, a cut-off frequency

for a high-pass filter based at least in part on the pulse

frequency value, such that the cut-off frequency is
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approximately equal to the sum of the received pulse
frequency value and a selected frequency value, wherein
the selected frequency value is one of: 0.5 Hz, 1 Hz, 2
Hz,3 Hz, 4 Hz, 5 Hz, 10 Hz, and 15 Hz;

generating, using the pulse oximeter, a filtered PPG signal
by applying the high-pass filter to the PPG signal; and

determining, using the pulse oximeter, based at least in part
on the filtered PPG signal, the blood pressure value of
the subject.

12. The method of claim 11, wherein the sensor comprises
a pulse oximetry sensor configured to detect light attenuated
by blood perfused tissue of the subject.

13. The method of claim 11, wherein determining the blood
pressure value of the subject comprises identifying at least
one characteristic point in the filtered PPG signal.

14. The method of claim 13 wherein identifying at least one
characteristic point in the filtered PPG signal comprises iden-
tifying at least one stationary point or inflection point of the
filtered PPG signal.

15. The method of claim 13 wherein identifying at least one
characteristic point in the filtered PPG signal comprises iden-
tifying a local turning point in the filtered PPG signal.

16. The method of claim 13 wherein identifying at least one
characteristic point in the filtered PPG signal comprises iden-
tifying two peaks in the filtered PPG signal.

17. The method of claim 13 wherein determining the blood
pressure value of the subject comprises taking a natural loga-
rithm of a time difference determined from the at least one
identified characteristic point.

18. The method of claim 13 wherein determining the blood
pressure value comprises solving a multi-parameter equation,
wherein the multi-parameter equation is

p=a+b-In(T)

where p is the determined blood pressure value, T is a time
difference determined from the at least one identified charac-
teristic point, and a and b are constants.

19. The method of claim 11 further comprising perform-
ing, using the pulse oximeter, at least one calibration of the
blood pressure of the subject, wherein the calibration is based
at least in part on a known reference blood pressure value.

20. The method of claim 11, further comprising updating,
using the pulse oximeter, the cut-off frequency when the
pulse frequerncy value of the subject changes.
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