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a signal. According to embodiments, by transposing segments of a signal, such as segments
representing pulses in a PPG signal, such that they are stacked next to each other, various
characteristics about the signal may be discerned such as information about repetitive features
of the signal. According to an embodiment, from a PPG signal respiration information may be
determined about individual breaths, blood pressure changes may be determined, and informa-
Y tion about other physiological parameters aftecting the PPG signal may be determined.
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Systems And Methods For Processing Signals With Repetitive Features

Cross Reference To Related Applications

This application claims priority to U.S. Provisional Application No. 61/076,945,
entitled Systems and Methods For Processing Signals With Repetitive Features, filed on

June 30, 2008, the entirety of which is hereby incorporated herein by reference.

Summary

The present disclosure relates to signal processing systems and methods, and more
particularly, to signal processing systems and methods for analyzing signals with repetitive
components. The present disclosure may be used in connection with any signal having one
or more repetitive components, including, for example, biosignals (e.g., a
photoplethysmograph (PPG) signal, electrocardiogram, electroencephalogram,
electrogastrogram, electromyogram, heart rate signals, pathological sounds, ultrasound, or
any other suitable biosignal), dynamic signals, non-destructive testing signals, condition
monitoring signals, fluid signals, geophysical signals, astronomical signals, electrical
signals, financial signals including financial indices, sound and speech signals, chemical
signals, meteorological signals including climate signals, and/or any other suitable signal,

and/or any combination thereof.

According to one aspect, the disclosure relates to a method for processing a signal.
The method includes receiving a signal having a repetitive component, for example, the
pulse segments of a PPG signal. A plurality of features of the signal corresponding to the
repetitive component are identified. Identification of the features may include, for example,

identifying a plurality of turning points of the signal.

Segments of the signal, corresponding to the features, are transposed to form a stack
of such segments. The start and end points of each segment are shared with respective

adjacent segments. Information is then derived from analyzing the stack of segments.

In one embodiment, transposing the plurality of segments of the signal to form a
stack of segments includes aligning each subsequent segment next to the previous segment
along a first axis. The length of each segment extends along a second axis that is
perpendicular to the first axis. The amplitude of the each segment is represented in a third
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axis that is perpendicular to the first axis and the second axis. In one such embodiment,
deriving the information includes detecting local maxima across either the first axis or the
second axis of the stack to identify ridges. The ridges may then be analyzed to determine

differential phase effects of respiration on a segment.

Additional suitable types of information which may be derived from PPG signals
include blood pressure variation, changes in arterial compliance, and the severity of an
illness. In various embodiments, deriving information includes identifying individual
breaths by identifying local maxima in the stack of segments and/or identifying a respiration

rate.

In certain embodiments, the method includes displaying the formed stack and/or the
derived information on a display. In addition, or in the alternative, in certain embodiments,

the method includes issuing an alert based on the derived information.

According to another aspect, the disclosure relates to computer readable media,

which upon execution, causes out a processor to carry out the methods described above.

According to another aspect, the disclosure relates to a system for signal processing.
The system includes a processor, and in some embodiments, a sensor, such as, without
limitation, a pulse oximeter, and/or a display. The processor is capable of receiving a signal
having at least one repetitive component and identifying a plurality of features of the signal
corresponding to the at least one repetitive component. The processor is further capable of
transposing segments of the signal to form a stack of segments. The segments have starting
and end points adjacent the identified features. The processor is also capable of deriving

information from the stack of segments.

Brief Description of the Drawings

The patent or application file contains at least one drawing executed in color. Copies
of this patent or patent application publication with color drawing(s) will be provided by the

Office upon request and payment of the necessary fee.

The above and other features of the present disclosure, 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:
2
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FIG. 1 shows an illustrative pulse oximetry system in accordance with an
embodiment; FIG. 2 is a block diagram of the illustrative pulse oximetry system of FIG. 1

coupled to a patient in accordance with an embodiment; and

FIG. 3 is a block diagram of an illustrative signal processing system in accordance

5  with some embodiments.

FIG. 4 is a graph of a photoplethysmograph signal a and filtered signal suitable for
processing by the pulse oximetry systems of FIG. 1 and FIG. 2 and the signal processing

system of FIG. 3 according to an illustrative embodiment.

FIGS. SA-5C are schematic depictions of a process of forming a stack of signal

10 segments, according to an illustrative embodiment.

FIG. 5D is a flow chart of a method corresponding to the process depicted in FIGS. 5A-

5C.

FIGS. 6A and 6B are schematics of stacks of signal segments formed according to

the process depicted in FIGS. 5A-5C, according to an illustrative embodiment.

15 FIG. 7 is a schematic depicting the projection of a pulse signal onto a normalized

baseline, according to an illustrative embodiment.

FIG. 8 is a flow chart of a method of signal processing suitable for use by the pulse
oximetry systems of FIG. 1 and FIG. 2 and the signal processing system of FIG. 3,

according to an illustrative embodiment.

20 FIG. 9 is a flow chart of a method of determining and outputting a breathing rate,

according to an illustrative embodiment.
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FIG. 10 is a flow chart of a method of monitoring respiratory activity based on

differential phase effects of breathing on pulse characteristics.

Detailed Description

In medicine, a plethysmograph is an instrument that measures physiological parameters,
such as variations in the size of an organ or body part, through an analysis of the blood
passing through or present in the targeted body part, or a depiction of these variations. An
oximeter is an instrument that may determine the oxygen saturation of the blood. One
common type of oximeter is a pulse oximeter, which determines oxygen saturation by

analysis of an optically sensed plethysmograph.

A pulse oximeter is a medical device that may indirectly measure the oxygen
saturation of a patient's blood (as opposed to measuring oxygen saturation directly by
analyzing a blood sample taken from the patient) and changes in blood volume in the skin.
Ancillary to the blood oxygen saturation measurement, pulse oximeters may also be used to
measure the pulse rate of the patient. Pulse oximeters typically measure and display various
blood flow characteristics including, but ﬁot limited to, the oxygen saturation of hemoglobin

in arterial blood.

An oximeter may include a light sensor that is placed at a site on a patient, typically
a ﬁﬁgertip, toe, forehead or earlobe, or in the case of a neonate, across a foot. The oximeter
may pass light using a light source through blood perfused tissue and photoelectrically sense
the absorption of light in the tissue. For example, the oximeter may measure the intensity of
light that is received at the light sensor as a function of time. A signal representing light
intensity versus time or a mathematical manipulation of this signal (e.g., a scaled version
thereof, a log taken thereof, a scaled version of a log taken thereof, efc.) may be referred to
as the photoplethysmograph (PPG) signal. In addition, the term “PPG signal,” as used
herein, may also refer to an absorption signal (i.e., representing the amount of light absorbed
by the tissue) or any suitable mathematical manipulation thereof. The light intensity or the

amount of light absorbed may then be used to calculate the amount of the blood constituent
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(e.g., oxyhemoglobin) being measured as well as the pulse rate and when each individual

pulse occurs. -

The light passed through the tissue is selected to be of one or more wavelengths that
are absorbed by the blood in an amount representative of the amount of the blood constituent
present in the blood. The amount of light passed through the tissue varies in accordance
with the changing amount of blood constituent in the tissue and the related light absorption.
Red and infrared wavelengths may be used because it has been observed that highly
oxygenated blood will absorb relatively less red light and more infrared light than blood
with a lower oxygen saturation. By comparing the intensities of two wavelengths at
different points in the pulse cycle, it is possible to estimate the blood oxygen saturation of

hemoglobin in arterial blood.

When the measured blood parameter is the oxygen saturation of hemoglobin, a
convenient starting point assumes a saturation calculation based on Lambert-Beer's law.

The following notation will be used herein:
I\, 1) =1,(Mexp(=(sB,(A)+ (1 - 5)B, ML) (1)
where:
A=wavelength;
t=time;
I=intensity of light detected;
I,=intensity of light transmitted;
s=oxygen saturation;
Bo, Br=empirically derived absorption coefficients; and

- I(t)=a combination of concentration and path length from emitter to detector as a function of

time.

The traditional approach measures light absorption at two wavelengths (e.g., red and

infrared (IR)), and then calculates saturation by solving for the "ratio of ratios" as follows.
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1. First, the natural logarithm of (1) is taken ("log" will be used to represent the natural

logarithm) for IR and Red
log I=log Io-(sPot+(1-5) o)l (2

2. (2) is then differentiated with respect to time

dlogl B dl
5 P (sB,+(1-5)8,) it 3

3. Red (3) is divided by IR (3)

legI(/lR)/dt - sﬁo(ﬂ’R)-l-(l—s)ﬂr(lR)
dlogI(Ag)/dt  sfB,(Ax)+(1—5)[.(A,) (4)

4. Solving for s

2108 g 7, - L1ELED) g 5,

M@—)%(&R) /3 ()~
B (A) - B, (A

dlog I(/LR)
dt

10  Note in discrete time

dlogI(A,1)
dt ~ logI(A,t,)~logI(4,1)

Using log A-log B=log A/B,

dlogI(A.1) og 1(t,,4)
dt ~ I, A)

So, (4) can be rewritten as
I1(t,,A,)
1 1 R
dlogl(4,) og(——l(tz,ﬂk))

dt — <
dlogI(A,) log( [(tv’lm)]
15 dt o~ 1(ty, Ag) (5)

where R represents the "ratio of ratios." Solving (4) for s using (5) gives

6
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5= ﬂr(ﬂR)—Rﬂr(ﬂ‘[R) )
R(ﬂo(ﬂm) - )Br (]’IR )) - ﬂa (/IR) + ﬁr(/lR)

From (5), R can be calculated using two points (e.g., PPG maximum and minimum), or a
family of points. One method using a family of points uses a modified version of (5). Using

the relationship

dlogl dl/dt
5 dt 1 (6)

now (5) becomes

dlog I(Ay) I(ty, A)— 1(t,, Ag)

—a 1(t, A,)

dlogI(A,) 1(ty, A) = 1(t,, Ag)
dt ~ 1(1,, Ag)

[1(2,, Ag) = I(t,, A (2, A))
_ Uty A) = 1(t, AN (1, A)

=R )
10 which defines a cluster of points whose slope of y versus x will give R where

Cx(O) =1, A) = 1, A, A)
y(t) = [I(tz’lR)_I(tl’/lk)]l(tl’/lm)
y(#) = Rx(t) (8)

FIG. 1 is a perspective view of an embodiment of a pulse oximetry system 10.
System 10 may include a sensor 12 and a pulse oximetry monitor 14. Sensor 12 may
include an emitter 16 for emitting light at two or more wavelengths into a patient’s tissue. A
15  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.

According to an embodiment, system 10 may include a plurality of sensors forming 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

20  the array may be charged coupled device (CCD) sensor. In another embodiment, the sensor
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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.

According to an embodiment, emitter 16 and detector 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, 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 data from a patient’s

forehead.

In an embodiment, the sensor or 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 calculate physiological parameters 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 perfbrmed on the monitoring device itself and the
result of the oximetry 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 embodiments, such as for
example, sounding an audible alarm in the event that a patient’s physiological parameters

are not within a predefined normal range.

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.

In the illustrated embodiment, pulse oximetry system 10 may also include a multi-
parameter patient monitor 26. The monitor 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
8



10

15

20

25

30

WO 2010/001245 PCT/IB2009/006158

from monitor 14 and from other medical monitoring devices or systems (not shown). For
example, multiparameter patient monitor 26 may be configured to display an estimate of a
patient’s blood oxygen saturation generated by pulse oximetry monitor 14 (referred to as an
“SpO,” measurement), pulse rate information from monitor 14 and blood pressure from a

blood pressure monitor (not shown) on display 28.

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.

FIG. 2 is a block diagram of a pulse oximetry system, such as pulse oximetry system
10 of FIG. 1, which may be coupled to a patient 40 in accordance with an embodiment.
Certain illustrative 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 two wavelengths of light (e.g., RED and IR)
into a patient’s tissue 40. Hence, emitter 16 may include a RED light emitting light source
such as RED light emitting diode (LED) 44 and an /R light emitting light source such as IR
LED 46 for emitting light into the patient’s tissue 40 at the wavelengths used to calculate the
patient’s physiological parameters. In one embodiment, the RED wavelength may be
between about 600 nm and about 700 nm, and the /R 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.

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
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techniques. Detector 18 may be chosen to be specifically sensitive to the chosen targeted

energy spectrum of the emitter 16.

In an embodiment, detector 18 may be configured to detect the intensity of light at
the RED and IR wavelengths. 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 or reflected, 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 the RED and IR wavelengths in the patient’s tissue 40.

In an embodiment, encoder 42 may contain information 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 wavelengths of light emitted by emitter 16. This information may be used by
monitor 14 to select appropriate algorithms, lookup tables and/or calibration coefficients

stored in monitor 14 for calculating the patient’s physiological parameters.

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 determine,
for example, patient-specific threshold ranges in which the patient’s physiological parameter
measurements should fall and to enable or disable additional physiological parameter
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
wavelengths of light emitted by emitter 16 on each sensor of the sensor array, and/or the
patient’s characteristics. In another embodiment, encoder 42 may include a 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 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.

10
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In an embodiment, signals from detector 18 and encoder 42 may be transmitted to
monitor 14. In the embodiment shown, monitor 14 may include a general-purpose
microprocessor 48 connected to an internal bus 50. Microprocessor 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 connected 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.

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 instructions,
such as software applications, that cause the microprocessor to perform certain functions
and/or computer-implemented 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 stdrage of information such as computer-
readable instructions, data structures, program modules or other data. Computer 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 storage, 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.

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
illuminated and multiplexed timing for the RED LED 44 and the /R 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
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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.

In an embodiment, microprocessor 48 may determine the patient’s physiological
parameters, such as 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, encoded information
relating to patient characteristics. Decoder 74 may translate these signals to enable the
microprocessor 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.

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 oximeter probe is attached.

Noise (e.g., from patient movement) can degrade a 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 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.

12
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It will be understood that the present disclosure is applicable to any suitable signals
and that PPG signals are used merely for illustrative purposes. Those skilled in the art will
recognize that the present disclosure has wide applicability to other signals including, but
not limited to other biosignals (e.g., electrocardiogram, electroencephalogram,
electrogastrogram, electromyogram, heart rate signals, pathological sounds, ultrasound, or
any other suitable biosignal), dynamic signals, non-destructive testing signals, condition
monitoring signals, fluid signals, geophysical signals, astronomical signals, electrical
signals, financial signals including financial indices, sound and speech signals, chemical
signals, meteorological signals including climate signals, and/or any other suitable signal,

and/or any combination thereof.

FIG. 3 is an illustrative signal processing system in accordance with an embodiment.
In this embodiment, input signal generator 310 generates an input signal 316. As illustrated,
input signal generator 310 may include oximeter 320 coupled to sensor 318, which may
provide as input signal 316, a PPG signal. It will be understood that inpﬁt signal generator
310 may include any suitable signal source, signal generating data, signal generating
equipment, or any combination thereof to produce signal 316. Signal 316 may be any
suitable signal or signals, such as, for example, biosignals (e.g., electrocardiogram,
electroencephalogram, electrogastrogram, electromyogram, heart rate signals, pathological
sounds, ultrasound, or any other suitable biosignal), dynamic signals, non-destructive testing
signals, condition monitoring signals, fluid signals, geophysical signals, astronomical
signals, electrical signals, financial signals including financial indices, sound and speech
signals, chemical signals, meteorological signals including climate signals, and/or any other

suitable signal, and/or any combination thereof.

In this embodiment, signal 316 may be coupled to processor 312. Processor 312
may be any suitable software, 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 the calculations associated with the signal processing of the present
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disclosure as well as the calculations associated with any suitable interrogations of the
processed signals. Processor 312 may 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 suitable filtering, and/or any combination thereof.

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, efc.), non-volatile memory device (e.g., ROM, EPROM, magnetic storage
device, optical storage device, flash memory, etc.), or both. The memory may be used by
processor 312 to, for example, store data corresponding to a continuous wavelet transform of
input signal 316, such as data representing a scalogram. In one embodiment, data
representing a scalogram may be stored in RAM or memory internal to processor 312 as any
suitable three-dimensional data structure such as a three-dimensional array that represents
the scalogram as energy levels in a time-scale plane. Any other suitable data structure may

be used to store data representing a scalogram.

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 312 as
an input), one or more display devices (e.g., monitor, PDA, mobile phone, any other suitable
display device, or any combination 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 combination thereof), one or more printing devices, any other

suitable output device, or any combination thereof.

It will be understood that system 300 may be incorporated 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 implemented as part of monitor 14.

FIG. 4 shows a graph of a PPG signal 402 and filtered PPG signal 404, according to
an embodiment. Pulse oximetry system 10 may process PPG signal 402 using any suitable
filtering technique to create filtered PPG 404. For example, pulse oximetry system 10 may

use a band pass filtering technique to generate filtered PPG signal 404. Pulse oximetry
14
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system 10 may use PPG signal 402 or filtered PPG signal 404 to identify features of the raw
PPG signal (i.e., PPG signal 402). As illustrated in FIG. 4, pulse oximetry system 10 has
filtered PPG signal 402 to more easily identify turning points (e.g., turning points 406, 408,
410) (i.e., points at which the first derivative of the signal changes from positive to negative
or from negative to positive) associated with the heart rate. In one suitable approach, pulse
oximetry system 10 may identify each turning point associated with a valley. In another
suitable approach, pulse oximetry system 10 may identify each turning point associated with
a peak or any other desired characteristic of PPG signal 402 such as a midpoint between a
valley and peak or any other suitable location between the valleys and peaks. In another
suitable implementation, particularly suited for analysis of signals which may include
multiple peaks and valleys within a repetitive component, the pulse oximetry system 10
employs additional logic in addition to or instead of turning point detection to distinguish
individual repetitive components. Such logic may include one or more of, for example, data
indicating expected periodicity ranges for the signal, characteristic signal shape data, and
pattern recognition logic. Such logic is configured to robustly distinguish individual
repetitive components within the signal such that smaller signal variations within a repetitive

component do not result in improper signal segmentation.

When the desired characteristics (which in this embodiment is the turning points
associated with valleys) are identified, pulse oximetry system 10 may cut or break filtered
PPG signal 404 (or alternatively, PPG signal 402) at each identified feature (e.g., each valley
or turning point) to create a plurality of consecutive segments, such as segments 412, 414,
and 416, corresponding to each heart pulse. If PPG signal 402 is being broken up, then
pulse .oximetry system 10 may break up PPG signal 402 at points corresponding in time to
the identified features of filtered PPG signal 404. Pulse oximetry system 10 may combine
each pulse segment, e.g., by interpolating between pulse segments, and stacking them
against each other as shown in the schematic of FIGS. SA-5C, resulting in the three

dimensional renderings depicted in FIGS. 6A and 6B.

Referring to FIG. 4 and FIGS. 5A-5C, FIG. 5A shows an original signal 500 (e.g.,
filtered PPG signal 404) depicted in two dimensions X and Y. For illustrative purposes,
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FIG. 5A also depicts turning points 502a-502e (generally “turning points 502”) to aid in
discerning the beginning and end of segments 504a-504e (generally “segments 504”).

FIG. 5B includes an additional axis (Z) added orthogonal to X and Y axes. In
addition, FIG. 5B shows each individual segment 504a-504e being rotated over the X-Z
plane. After these rotations, the segments are then stacked as shown in FIG. 5C. In one
embodiment a surface between the segments is derived by interpolation or other suitable

estimation process.

FIG. 5D is a flow chart of a method 520 for processing a PPG signal as depicted in
FIGS. 5A-5C. The method 520 begins with the receipt of a PPG signal (step 522). A
digital to analog converter digitizes the signal and stores it in memory (step 523). The

memory may be any suitable form of random access memory.

As the signal is being received, individual heart beats are detected. Detecting heart
beats includes detecting turning points in the signal (step 524), specifically turning points at
which the slope of the signal switches from negative to positive, and applying segmentation
logic (step 526) to determine whether the identified turning point represents the end of a
heart beat. In one implementation , the segmentation logic includes a range of heart beat
duration times. If the turning point occurs too close in time to the beginning of the heart
beat, the turning point is ignored for segmentation purposes. In another implementation, the
segmentation logic compares the amplitude of the signal at the detected turning point with
the amplitude of the signal at the beginning of the segment. If the amplitude variation
exceeds a predetermined threshold, the turning point is likewise ignored for segmentation
purposes. In a further implementation, applying the segmentation logic includes applying a

combination of a duration comparison and an amplitude comparison.

Upon detection of a turning point that meets the criteria for indicating the end of a
segment, the detected segment is stored separately in memory (step 528). In one
embodiment, the segment is stored as a bitmap of the signal in two dimensional space. In
another embodiment, the signal is stored as a mathematical representation of the signal.
Metadata indicating the position of the segment in the complete signal, along with date,

time, and/or patient information may also be stored along with the segment.
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As successive segrﬁents are stored, the segments are transposed to form the stack of
segments (step 530). In one implementation, a pulse oximetry system 10 forms the stack of
segments by forming a new image, having three dimensions, in which each segment is
transposed adjacent a previous segment. In one example, as depicted in FIGS. 5A-5C, each
segment is rotated 90 degrees about the Y axis such that it runs along the Z axis, with the Y
axis still representing the magnitude of the signal. In another example, the length each
segment remains parallel to the X axis and each successive segment is positioned behind or
in front of a prior segment along the Z-axis. The distance between successive segments, in
one implementation, corresponds to the length of the intervening segment. Alternatively,

the segments may be spaced a common, arbitrary distance apart.

With the segments stacked in three dimensions, the pulse oximetry system 10 derives
a surface joining the stacked segments (step 532). In one embodiment, Y axis values for
intervening points in the three-dimensional stack are interpolated based on the known signal
values. Suitable interpolation techniques include, without limitation, linear interpolation,
polynomial interpolation spline interpolation. Optionally, Y axis values from the resulting

surface are converted to color values (step 534) according to a predetermined color map.

Pulse oximetry system 10 may combine each pulse segment to create a three-
dimensional surface as depicted in FIG. 6A, or, in one embodiment, a two-dimensional
surface coded according to a color map to represent. the third axis, such as surface 600
illustrated in FIG. 6B. To generate surface 600, each pulse segment identified from filtered
PPG signal 404 is stacked as shown in FIG. 5A-5C, where each subsequent pulse segment
may be stacked next to the previous (in time) pulse segment to create a series of pulse
segments. If desired, the series of pulse segments may be interpolated to create a three-
dimensional surface. Any suitable interpolation techniques may be used. It will be
understood that generation of a three-dimensional surface is an optional step of the present
disclosure. However, for purposes of clarity and conciseness, and not by way of limitation,
the embodiments are described herein in the context of a three-dimensional surface.
Subsequent processing may be performed using a three-dimensional surface, a series of
pulse segments, any other transposition, transformation, or interpolation of the series of

pulse segments, or any combination thereof.

17



10

15

20

25

30

WO 2010/001245 PCT/IB2009/006158

The X-axis of FIGS. 6A and 6B is referred to as the "time-axis". According to
embodiments, each point on the time-axis represents an entire pulse segment and thus has‘a
time range associated with it. The X-axis for each pulse segment may be labeled based on
any suitable time within the pulse ségment such as the starting or end time of the segment or
the time corresponding to the peak in each segment. (Note that the start location may also
be modified to an integer reflecting the sequence of pulses, or any other timing or ordering
that is appropriate to subsequent analysis). According to one embodiment, the Z-axis of
FIGS. 6A and 6B indicates each sequential data point within each pulse segment. As
shown, each pulse segment starts on the X-axis and extends along the Z-axis. The pulse
segments may vary in length. Therefore, pulse oximetry system 10 may equalize the lengths
by, for example, padding the shorter lengths or may otherwise perform any suitable

normalizing of pulse segment lengths.

The Y-axis represented in FIG. 6A is depicted by the height of the surface
orthogonal to the X-Z plane. The Y-axis is represented in FIG. 6B as a color associated
with a color map. The surface in FIG. 6A and the color map shown in FIG. 6B represent
PPG signal 404 as a three-dimensional surface 600 as previously discussed. The three-
dimensional surface may be analyzed by, for example, pulse oximetry system 10 to look for
characteristics of individual pulses or similarities or differences between different pulses.
This technique may be used, for example, to derive phase information, amplitude
information, shape information, any other suitable information, or any combination thereof
about pulses. This technique may also be used to analyze changes in the locations of

characteristic features across a group of pulses.

In alternative embodiments, the height profile of the original signal axis is the Y-
coordinate of the plot (coming out of the page). In addition, the processing system may
normalize the baseline of each pulse by projecting the pulse down onto a baseline as shown
in FIG. 7. FIG. 7 shows that the vertical heights taken from the pulse signal to the line
drawn between endpoints are used to project the pulse onto a normalized baseline.
Alternatively the baseline may be a best-fit curve, for example a cubic-spline curve fitted
thorough the pulse endpoints, where again the heights from the signal to the baseline are

taken and projected down onto a normalized baseline. The normalized baseline may be a
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horizontal baseline. In this way the original signal’s baseline variations may be decoupled
from amplitude variations of interest in the repeating pulse feature itself. This may be

advantageous when, for example, large scale artifact features are present in the signal.

In some embodiments, the derived surface may be used to determine respiration
information (e.g., individual breaths and respiration rate) by looking at, for example, local
maxima. For example, local maxima 602, 604, 606, and 608 are indicative of individual
breaths. In other embodiments, ridges may be detected (e.g., substantially vertical or
horizontal ridges) to provide further information about the signal. For example, the skews
of ridges from vertical or horizontal axes in FIGS. 6A and 6B, such as skewed ridge 610,
may be used to detect the differential phase effect of respiration on the characteristic
features within each pulse. This allows respiratory activity on each pulse component to be
monitored individually. Hence differential activity within the pulse itself can be monitored
or observed more easily. Other information that may be obtained from the derived surface
may include long term and localized blood pressure variations. In addition pulse
morphology changes with changes in arterial compliance, hence the method may be used to
monitor compliance changes by determining the effect df compliance changes on the pulse
characteristics. Further, pulse morphology may describe vascular response to severe illness
including, but not limited to, sepsis and meningitis. Hence, the method detailed herein may

be used to measure illness severity.

FIG. 8 is a flow chart of a signal processing method 800 for analyzing a signal
according to one illustrative embodiment. The signal processing method 800 begins with
receiving a signal for processing (step 802). For example, the received signal may be a
photoplethysmograph signal output by a pulse oximeter. The signal may have by a raw
signal, or it may have been preprocessed. For example, the signal may have been filtered to
remove noise or to isolate desired signal components. In alternative embodiments, the
signal may be any signal having generally repetitive signal components, including, any of

the signals disclosed above.

The signal processing method 800 continues with identifying a plurality of features
of the signal corresponding to at least one repetitive component of the signal (step 804).

Segments of the signal identified based on the features are then transposed to form a stack of
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segments (step 806). Each segment in the stack of segments has as start and end points

portions of adjacent features.

Based on the stack, information about the signal is derived (step 808). In one
embodiment, the information is derived automatically by a processor, for example, a
processor incorporated into monitor 14 of FIG. 1. In another embodiment, the information
is derived by a processor external to pulse oximeter 10. In still another embodiment, the
information is derived by a practitioner visually evaluating the three dimensional surface
600. In addition, the derived information may optionally be further evaluated to diagnose
the existence and/or severity of a condition (step 810) of a patient, system, or other object
being monitored to obtain the signal. The derived information, including any diagnosis,
may be displayed, for example, to a patient, researcher, supervisor, technician, or clinician

(step 812).

FIG. 9 is a flow chart of a method 900 of detérmining and outputting a breathing
rate, according to an illustrative embodiment. As indicated above, analysis of the stack of
segments yields a number of clinically valuable data values. For example, the stack of
segments can be used to determine the breathing rate of a patient without having to monitor
their respiration directly. Specifically, the amplitud'e-of each segment, corresponding to the
absorption of light modulated by volumetric changes in blood within its propagation path,
varies based on its temporal relationship to a most recent breath. Local maxima in Y-
dimension of the stack of segments correspond to individual breaths. Thus, calculating the

frequency of such maxima yields a breathing rate.

The breathing rate detection method 900 begins with receipt of a PPG signal (step
902). Repetitive features are identified to detect individual signal segments corresponding
to heart beat pulses (step 904). The pulse segments are then transposed with respect to one
another as described above to form a stack of segments (step 906). As described above, the
stack of segments may be in the form of a three-dimensional image, or alternatively, the Y-
axis may be represented as a color map. Individual breaths are then detected by detecting
and analyzing features, which may be characterized as local maxima, in the stack of
segments (step 908) The features may be analyzed independently, or in conjunction with

information obtained from a local scalogram, including, for example, its shape and and/or
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context. The frequency of such breaths is then calculated to determine a breathing rate (step

910) and the breathing rate and/or the stack of segments is displayed (step 912).

In one embodiment, the breathing rate detection method 900 also includes
monitoring the breathing rate of a patient over time (step 914) and issuing alerts (step 916)
upon detection of abnormal breathing rates (DB 915). Abnormality may be determined
based on comparison of a current breathing rate to an individual's breathing rate history. For
example, in one embodiment, an alert is issued (step 916) if a patient's breathing rate
exceeds their average breathing rate by a predetermined multiple of, or by a predetermined
number of standard deviations from, the patient's mean breathing rate. An alert may also be
issued (step 916) if the patient's breathing falls below a similar threshold. In another
embodiment, alerts are issued (step 916) based on a comparison of a patient's current
breathing rate to fixed breathing rate thresholds. In each case, thresholds may be adjusted to
take into account other physiological indications, for example to avoid false alerts during

periods of sleep.

FIG. 10 is a flow chart of a method 1000 of monitoring respiratory activity based on
differential phase effects of breathing on pulse characteristics, according to an illustrative
embodiment. As indicated above, analysis of the stack of segments can detect ridges
primarily along both the X and Z axes. These ridges, however, may not be perfectly aligned
with the axes. Deviation from axis alignment provides a measure of the differential phase
effect of respiration on the characteristic features within each pulse, i.e., how the proximity
of various features of the pulse varies in relation to its temporal proximity to a breath. For
example it can indicate how the respiratory pressure variations are transmitted through the
vascular system. Thus highlighting resistive hysterisis information useful in the monitoring

of arterial compliance.

The method 1000 begins with the receipt of a PPG signal (step 1002). Repetitive
features are identified (step 1004) to find signal segments. The signal segments are then
stacked to form a stack of segments (step 1006). The stack of segments is analyzed to
identify ridges, and their corresponding orientation (step 1008). Ridge shape and
orientation are further analyzed to detect a respiratory differential phase affect (step 1010).

These respiratory differential phase effects would be monitored to detect compliance
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changes (step 1012). Rapid compliance changes may be indicative of the efficacy of
vasoconstrictive or vasodilative drugs administered to the patient. The detection of
compliance changes may also be used in a continuous non-invasive blood pressure system as

an indication that a recalibration is required.

The foregoing is merely illustrative of the principles of embodiments of the
disclosure and various modifications can be made by those skilled in the art without

departing from the scope and spirit of the disclosure.
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What is claimed is:

1. A method for processing a signal, comprising:
receiving the signal comprising a repetitive component;

identifying a plurality of features of the signal corresponding to the at least one

repetitive component;

transposing a plurality of segments of the signal to form a stack of segments, the

segments having as starting and ending points adjacent identified features; and
deriving information based at least in part from the stack of segments.

2. The method of claim 1, wherein the signal comprises a photoplethysmograph (PPG)

signal.

3. The method of claim 2, wherein deriving information comprises identifying

individual breaths in the stack of segments.

4. The method of claim 2, wherein deriving information comprises deriving a

respiration rate.

5. The method of claim 2, wherein the repetitive component comprises a pulse

component of the PPG signal.

6. The method of claim 1, wherein identifying a plurality of features of the signal

comprises identifying a plurality of turning points of the signal.

7. The method of claim 1, wherein transposing the plurality of segments of the signal to
form a stack of segments comprises aligning each subsequent segment next to the previous
segment along a first axis, wherein the length of each segment extends along a second axis

perpendicular to the first axis.

8. The method of claim 7, further comprising detecting local maxima across either the

first axis and/or the second axis to identify ridges.

9. The method of claim 8, wherein the signal comprises a PPG signal, and wherein
deriving information comprises analyzing the ridges detected along the first axis to calculate

the differential phase effect of respiration within each segment.
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10.  The method of claim 1 wherein the signal comprises a PPG signal and wherein

deriving information comprises determining variations in blood pressure.

11.  The method of claim 1 wherein the signal comprises a PPG signal and wherein

deriving information comprises determining arterial compliance change.

12. The method of claim 1 wherein the signal comprises a PPG signal and wherein

deriving information comprises determining illness severity.
13. A system for signal processing comprising:
a processor capable of:
receiving a signal comprising a repetitive component,
identifying a feature of the signal corresponding to the repetitive component,

transposing a plurality of segments of the signal to form a stack of segments,
the segments comprising starting and ending points generally adjacent the identified feature;

and
deriving information based at least in part upon the stack of segments.

14. The system of claim 13, comprising a sensor, and wherein the processor receives the

signal from the sensor.

15.  The system of claim 14, wherein the sensor comprises a pulse oximeter and the

signal comprises a photoplethysmograph (PPG) signal.

16. The system of claim 15, wherein deriving information comprises identifying

individual breaths by identifying local maxima in the stack of segments.

17.  The system of claim 15, wherein deriving information comprises deriving a

respiration rate.

18.  The system of claim 15, wherein the repetitive component is a pulse component of

the PPG signal.

19. The system of claim 13, wherein identifying a feature of the signal comprises

identifying a turning point of the signal.
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20.  The system of claim 13, wherein transposing the plurality of segments of the signal
to form a stack of segments comprises aligning each subsequent segment next to the
previous segment along a first axis, wherein the length of each segment extends along a

second axis perpendicular to the first axis.

21.  The system of claim 24, wherein the processor is capable of identifying ridges in the
stack.
22.  The system of claim 21, comprising a pulse oximeter, wherein the signal comprises a

photoplethysmograph (PPG) signal and deriving information comprises analyzing the ridges
detected along the first axis to calculate the differential phase effect of respiration within

each segment.

23.  The system of claim 13, comprising a pulse oximeter, wherein the signal comprises a
photoplethysmograph (PPG) signal and deriving information comprises determining

variations in blood pressure.

24, The system of claim 13, comprising a pulse oximeter, wherein the signal comprises a
photoplethysmograph (PPG) signal and deriving information comprises determining arterial

compliance change.

25.  The system of claim 13, comprising a pulse oximeter, wherein the signal comprises a
photoplethysmograph (PPG) signal and deriving information comprises determining illness

severity.

26.  The system of claim 13, wherein the processor is capable of issuing an alert based in

part on the derived information.

27. A computer readable medium storing computer readable instructions, which, when

executed by a processor, cause the processor to a carry out a method comprising:
receiving a signal comprising a repetitive component;

identifying a plurality of features of the signal corresponding to the at least one

repetitive component;

transposing a plurality of segments of the signal to form a stack of segments, the

segments having as starting and ending points adjacent identified features; and

25



10

WO 2010/001245 PCT/IB2009/006158

deriving information based at least in part from the stack of segments.
28. The computer readable media of claim 27, wherein the signal comprises a
photoplethysmograph (PPG) signal.

29. The computer readable media of claim 28, wherein deriving information comprises
analyzing ridges detected along a first axis of the stack to calculate a differential phase effect

of respiration within each segment.

30. The computer readable media of claim 28, wherein deriving information comprises
at least one of determining variations in blood pressure, determining arterial compliance

change, and determining illness severity.
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