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ABSTRACT

The present disclosure relates to systems and methods for detecting features of 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 information about

other physiological parameters affecting the PPG signal may be determined.

Fig 8
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Systems And Methods For Processing Signals With Repetitive Features

Cross Reference To Related Auplications

This gpplication clatms pricrity to U.S, Provisiona] Application No. 614376943,
entitled Systermns and Methods For Provessing Signals With Repetitive Features, filed on
June 30, 2008, the entivety of which is hereby incorporated herein by refersuce.

Summary

The present disclosuce relates 1o signal processing systems and methods, and more
particularty, to signal processing systems and methods for snalyzing signals with repetitive
components. The present disclosure may be used in sonnection with any signal having one
or more repetitive compouents, including, for example, biosignals{e.g., a

phetoplethysmograph (PPG) signal, electrocardiogram, electroencephalogram,

slecwogastrogram, electromyogram, heart rate signals, pathological sounds, ultrgsoond, or

any other suitable binsignal), dynamic signaly, non-destructive testing signals, condition
monitoring siguals, fluld signals, geophysical signals, astronomical signals, electrical
signals, fingncial signals inchuding fnancial indices, soand and spesch signals, chemical
signals, meteorological signals weluding climate signals, and/or any uther suitable signal,

andfor any combination thereof,

Aceording to one aspect, the disclosure relates © a method for pracessing a signal.
The methed includes receiving a signal having g repetitive componemt, for example, the
pulse segments of a PPG signal. A plorality of features of the signal corresponding to the

repetitive componad e wentified.  Keutification of the features may tnclude, for example,

wentifying a plurality of turning points of the signal.

K
w

Segments of the signal, comresponding to the features, are tranwposed to form a stack
of such segments. The start and end padnts of sach segment are shared with respective

adjreent segments, Information is then derived from analvzing the stack of segments.

In one embodiment, transposing the plurality of segments of the signal to form a

o
o

stack of segments includes aliguing sach subsequent segment next 1o the previous segment

along a first wdis, The length of eack segment extends along a second axis that i

perpendicadar to the first axis, The amplitade of the each segment is represented in a third

i
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axis that is perpendicalar to the first axis and the second axis. In one such embodiment,
deriving the information inclades detecting locsl maxima across cither the fust axis or the
second axis of the stack w identify tidges. The ridges may then be analyzed 1o determine

ditferential phass effscts of respiration on a segment.

Additional suitable types of information which may be derived from PG signals
include Blood pressure variation, ic&z‘mg.af; in arterial complisncs, and the severity of an
Hiness. In variow ambodiments, deriving information includes idemifying individual
breaths by identifying local maxima in the stack of segments and/or identitying a respiration

rate.

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

the method inclodes issuing an alert based on the devived information,

According 1o another aspect, the disclosure relates to computer readable media,

which upon execution, causes Out a Progessor to carry ot the methods described above.

According to another aspect, the disclosure rolates 1o a system for signal processing.
The system tochades @ processor, and i some embodiments, a sensor, such ag, without
fnitation, 8 pulse oximetsr, andfor a display. The processor is capable of recetving a signal
having at least one repetitive component and identifying a plurality of featores of the signal
corresponding o the af 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 poits adjacent the identified features. The processor iy also capable of deriving

information from the stack of segments,

Brief Description of the Drawings

The patent or application file contains &t least one drawing executed in codor. Copilaes
of this patent or patent applivation publication with color drawing{sy will be provided by the

Office npon request aad payment of the necessary fee.

The above sud other features of the present disclosure, its nature and vagious
advantages will be more apparent upon consideration of the following detailed description,

raken in conjunction with the accompanying drawings in which:
)

A
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FIG. 1 shows an Hlustrative pulse oximetry systens in accordance with an
embodiment; FHGz. 2 is a block diagram of the Hiustrative pulse oximetry aystem of FEG. 1

conpled to a patient in accordance with an embodiment; angd

FIG. 3 is o block diagran of an illustrative signal processing system in accordance

with some emnbadinents,

(&

FIG. 4 15 a graph of a photoplethysmograph signal a and Shtered signal suitable for
processing by the pulse oximetry systems of FEG. 1 and FIG. 2 and the signal processing
system of FIG. 3 according to s ilustrative embodiment.

FIGS. SA-8C are schematic depictions of a process of forming a stack of signal

10 segmenty, according to anillustrative embuodiment

FEG. 5D is a flow chart of & method correspomding 1o the process depicied in FIGS, 854~

(%1
&

FIGS. 64 and 6B are schematics of stacks of signal segments formed according to
the process depicted tn FIGS. $A-3C, according 1o an Husivative embodiment,

FIG. 7 is a achematic depicting the projection of a pulse signal onto a normualized
baseline, according to an Hhanative embodiment.

FIG. 8 i o flow chart of a method of signal processing suitable for nse by the pulse
oximetry systems of FIG. 1 and FIG. 2 and the signal provessing system of FIG. 3,

according o an illustrative embodiment.

20 FIG. 9 is 8 flow chast of a method of determinng and outputiing g breathing rate,

aceording to an iltustrative ensbodiment,
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FIG 10 s g Qow chart of 2 method of montoring respiratery activity based on

differential phase effects of breathing on pulye characieristion.

Detailed Deseription.

In medivine, a plethysmograph is an instrument that measures physiological paramciers,

such as vaciations in the size of an organ or body part, through an analysis of the blood

passing through or present in the targeted body part, ur a depiction of these variations. An

oximeter i$ an nstroment that may determine the oxygen satwration of the blood. Oue

common type of oximeter I8 & pulse oximeter, which determines oxygen situration by

analysis of an optically sensed plethysmograph,

A pulse oximeter i 2 med tical device that may indirectly measwe the oxygen
saturation of 4 p,ms:m‘ s blood ¢ {as opposed to measuring oxygen saturation directy b_};‘
analyzing & blood sample taken from the patient) and chaages in blood volume in the ski
Anciflary & the blood oxygen saturation messarerment, pulse oximeters may also be ms:ci W
messure the pulse rate of the patient. ‘§=’ui$e oximeters typically measare and display various
hioad fow characteristics including, but not limited to, the oxygen saturation of hemoglobin
in arterial blood,

An oximeter may include a light seusor that is placed at a site o a patient, tvpz""ﬁi}?
a ﬁmzmap toe, forehead or carlobe, or in the case of & neonate, across a foot. The oximeter
may pass Hght ining 2 ght source through Mood perfused tissoe and photoelectrically sense
the absorption of Hght in the tissue. For example, the oximeter may measure the intensity of
light that fs veceived at the light senvor as 8 function of Hme. A si‘g;mi represeting Ii.i;ghi'
intensity versus time or 2 mathematical manipulation of this signal {e.g., & scaled version
thereof, a fog taken thersof, a scaled version of 4 log teken theweof, afe.) may be referred to
3¢ the photoplsthysmograph (PPG) sigmal. Tnaddition, the term “PPG signal,” as used
herein, may also refer to an absorption sigmal (L&, vepresenting the amount of light absorbed
by the tissee) o any suitable mathematical manipulation thereof. The light intensity or the

amownt of Haht abaorbed may then be used 1o caleulate the amount of the blnod constituent

%
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{e.g. oxyhemoglobin} being measured ay well as the pulse rate and when sach individhal

pulse eeeurs.

The light passed through the tissue v selected 80 be of ene oy more wavelengths that
are absorbed by the bloed in an amount represeiative of the amount of the blood constituemt
S presentin the blood, The amount ef tight passed through the tissue varies in accnrdance
with the changing amount of blood constituent in the tisste and the related light absorption.
Red and infrared wavelengihs may be used beeause it has been observed that highly
oxygensated blood will absorh relatively ess red fight and more tnfraved light than blood
with a fower oxygen saturation. Ry comparing the intensities of two wavelengths at

~

different points in the pulse cycle, it 18 possible to estimale the blood oxygen saturation of

e
~
~

hemoglobin in arterial blood.

Wher the measured blood parameter is the oxygzen saturation of hemoglobin, a
converdent starting point assumes a saturation caloulation based vn Lambert-Beer's law,
The following notation will be used hereln:
15 1) = 1 (R espl—(aB, () + (=), Q)
where:
Axwavelength
t=time;
E=intensity of Light detected;
0 Leintensity of light wransmitted;
SSORYEEN saturation;
B Peempirically derived ahsorption coefficients; and

Kiy=a combination of concentration and path length from emitter (o detector as a Runction of

g

[\
5.8

The traditional approach measures light absorption at two wavelengihs (¢.g., red and

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

fogarithm} for IR and Red

fog Eulog (P (1) Bt {2

2. {2} s then differentiated with respect to time
5 ddt Cod {3)
3. Red (3) is divided by IR (3)
dlogli{A)/dr ;3’{ Y (-3 B A)
d g I(&m}hﬁ BB A (B A )
4. Solving fors
dlog I(A,) - 08I 5 g
I g
log F{4,)
d ‘@«; . <3m,,e>~ B
{{-
Leld g 2B
o _ )
I} Note in discrete tine
~ logI(A )~ tog F(ALL)
Using log A-log B=log A/B,
dlogliA5) g_(_,g{ LAty
ot o G AY
So, (4 can be rewritten as
i3 R (3

where R represents the "ratio of ratios.” Solving {4) for s usin g (3) ghves

Le

6
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¢ :é\{’*xz 3= R ﬁ}(’%ﬁ;\}
RS~ B AN~ B+ B (4

(3

From (5), R can be calculated using two points (e g, FPO maximun and sisimun), or g

amily of points, One method using a family of points uses a moditied version of (3). Using

the relationship

dlogd Wl ide
dt i

53
e
o
o

now (53 becones

) Yl 1 o pon -’\Hw
diogl(ly L= 1o Ay

4y
}‘{'fzsf%fxu}\“ £t A

~

HOW

£
e
f

L8y, A b= F0, AW A

B 2

1y &

= & {7
10 which defines a cluster of points whose slope of ¥ versus x will give R where
Caley = A )~ TG, A NG A
O = Uty Ay = 100, AU 8, A
V)= R&‘\f} {8}
FI. 1 is 3 perspective view of an embodiment of & pulse oximetry system 16
System 18 may include 2 sorsor 12 and a pulse sximetry monior 14, Sensor 12 may

include an emitter 16 for envigting light at two or more wavelengths into a patient’s tasue, A

P
(=

detector 18 may also be provided in sensor 12 for detecting the light originally from smitter

16 that emanates from the patient’s tissue after passing through the tissue.

According (o an embodiment, system 16 may include a phurality of sensors forming a
sensor aray in eu of single sensor 12, Each of the sensors of the Sensor arvay may be 8
complementary metal oxide semiconductor {CMOS) sensor.  Alternatively, sach sensor of

20 the mray may be charged coupled device {CUD) sensor. In another embodiment, the sensor

i
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arvay may be made op of a combination of CMOS and CCD sensors. The TCL sensor may
- comprise a photoactive region and a trapsmission region for receiving and transmitting data
whereas the CMIOS sensor may be made up of an imegrated cirevit having an array of pisal

sensors. Bach pixel may have a photedetsctor and an active amyplifier.

187

According o an smbodiment, emitter 16 and detector 18 may be on opposite sides of
a higit such as a finger or toe, in which case the light that is emuanating from the tissue has
passed completely through the digit. In an embodinment, emitter 16 and detector 18 may be
aveanged so that Hght from emitier 16 penetrates the tissue and is reflected by the tesue into

detecter 18, such as a sensor designed to obtain pulse oximetry data from a patiens’s

i~
A~
N

forshead.

In an exbodiment, the seasor o sensor array may be connected to and deaw its
power from montor 14 as shown! In avother embodiment the sensor may be wirclessly
comnected 1o monitor 18 and include it owa battery or similar power supply (not shown).

.

Moniter 14 may be configured (o calenlate physivlogical parameters based at least in part on
embodiment, the calcnlations may bcz.,perfbnmzd on the mowitoring device itself and the
result of the oximetry reading may be passed to monitor 14, Further, monitor 14 may
include & display 20 confipured to display the physinlogical paramsters or ather information
about the systemn. In the embodiment showr, monitor 14 may also include s speaker 3 10
20 provide an audible sound that may be used in various other embodiments, such as for
sxample, sounding an audible alarm in the event that a patient’s physiological parameters

are not within a predefined normal range.

In an smbodimers, sensoy 12, or the sensor array, nay be communicatively coupled

to moniter 14 via acable 24, However, in other embodiments, 8 wireless transmiasion

I
L5

dovice {not shown) or the like may be used Instead of or in addition to cable 24

In the iHostrated embediment, pulse oximetry system 1) may alse include o malii-
parameter patient monitor 26, The monitor may be cathode ray wbe type, a flat panel
display {as shown) such as a Hquid crystal display (LD or a plasma display, or any other
type of monitor now known or later developed. Malti-parameter patient monitor 26 may be

30 configured to calonlate physiclogical parameters and to provide a display 28 for information

8
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from monitor 14 and from other medica) monitoring devices or systems (aot shown). For
exaniple, multiparameter patient montior 236 may be configered to display an estimate of 2
patient”s blood oxygen saturation generated by pulse ximetry monitor 14 {referred w as an
“Spir” measurement), pudse rate information from monitor 14 and blood pressure from a

blood pressure monitor (aot shown) on display 28.

Monitor 14 may be communicatively coupled o multi-psrameter patient monitor 26
via a cable 32 or 34 that is conpled 10 a sensor tnput pont or & digital communications por,
respectively and/or may communicate wirslessly (not shown). Tn addition, monitor 14
andfor mudii-parameter patient monitor 26 may be coupled 1o a network 1o enable the
shacing of information with servers of other workastations (not showa). Moniior 14 may be

powered by a battery (ot shown) of 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
18 of FIG. 1, which may be coupled to g paticnt 40 in accordance with an embodiment.
Certain illustrative components of sensor 12 and monitor 14 are itiustrated in FIG. 2.
Sensor 12 may include emitter 16, detector 18, and encoder 42. In the embodiment showa,
emitter 16 mmay be configured 1o emit at least two wavelengths of light {e.g., RED and IR}
o a patient’s tisane 48, Hence, emitter 16 way inclode a RED Hight emitting Hght source
such as RED light emitting diode (LED) 44 amd an IR Hght emitting light sowrce such as IR
LED 46 for omitting Haht int the patient’s tissue 46 at the wavelengths used to caloulate the
patient’s phystelogicsl parameters. In one smbodiment, the RED wavelongth may be
between ahout 600 nm and about 700 nm, and the IR wavelength may be hatwenn about &40
notand about 1000 nm. I erbodiments where @ sensor array v used i place of single
serwor, each sensor may be configured 10 emit a single wavelength, For example, a first

sensor emits only a RED light while a second only emits an IR light,

Ji will be understood that, g8 used berein, the torm “light” may refer to energy
produced by radiative sonrces and may inclade one or more of altrasound, radin,
microwave, millimeter wave, infraved, visible, nliraviolet, gammia ray or X-ray
electrommagnetic radiation. As used herein, light way slso include any wavelengh within the
radin, microwave, infrared, visible, ulteaviolet, or X-ray specirg, and that any suitable
wavelength of electromagnetic radiation may be appropriate for use with the present

9
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technigues, Detector 18 may be chosen 1o be specifically sensitive to the chosen targeted

epergy spectram of the emitter 16,

Inan sm’w(ﬁ}mm, detector 15-8&31&},_' be Cm_zﬁgmeé o detect the iensity of _s.sgm' at

3 detect s intensity of a gri;z gle Wz&‘s&i&miﬁn ia_ agsa-fa&im, }ig_&a& nay enter detector 18 a"_tr:-ﬁr
passing through the patient’s tssue 40, Detectar 18 niay convert the intensity of the
received light into an elecirtcal signal, The Hight intensity is divectly related to the

absorbancs andor reflectance of lig ght in the tisene 48, That is, when more Hght st g certain
wavelength is ahsorbed or reflected, less Hight of that wavelength is received from the tssue

10 by the detector 18, After converting the received light to an clectrical sigaal, detector 18
may send the stgral to monitor 14, where physiola rgical parampeters may be caloulated based

on the sbsorption of the RED and IR wavelengths in the patient’s tissue 40

In an embodiment, encoder 42 may contain information about senser 82, such ay

what type of sensor # is {e.g., whether the sensoy is intended for placenment on a forchead o

.85

digity and the wavelengths of light emisted by emitter 8. This information may be used by
monitar 14 to seleet a_g&pr_e};};rifa};e algorithms, lookup tables andior calibration coefficients

stored 1o monitor 14 for caleulating the patient’s physiological parameters.

Encoder 42 may contain information specific to patient 40, such as, for example, the
potient’s age, weight, and diagnosis. This information may allow monitor 1810 determing,
2 for sxample, patient-specifiv treshold vanges in which the patient’s physiclogical parameter
measurements should fall and o enable or disable additional physiclogical parameter
slgorithms. Boncoder 42 may. for instance, be 8 coded resistor which stores values
corresponding o the type of senser 12 or the type of each sensor in the sensor areay, the

wavelsngths of Hght emitted by emitier 16 on sach sensor of the sensor seray, andéor the

L4

patient’s chavacteristics, ln another embodimug, encoder 42 may tnclude a memory on

o)

which oue or more of the following information may be stored for communication ©
monitor 14 the type of the sensor 121 the wavelengths of light emitted by emitter 16; the
particular wavelength cach sensor in the sensor array Is monitoring; a sigual thresheld for

sach sensor in the sensor aray; any other suitable juforoation; or any combination thereof.

10
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In an embaodiment, signals from detector 18 and enveder 42 may be transmitted to
maenitor 34, o the erabodiment shown, monitor 14 may include & general-purpose
microprocessor 48 conngcted to an internal hos 38, Microprocessor 48 may be adapted to
exgoite software, which may include s operating system and one of more ag}piiﬁaii&ms, a8

5 paetof performing the functions described hevetn. Also connected 1o bus S8 may be a read-
only memory (RUM) 32, a random sccess mernory (RAM) 54, user inpais 38, display 28,

and speaker 22

RAM 54 and ROM 82 are ilhastrated by way of sxample, and not {gnitation, Any

suitable computer-readable media may be used o the system for data storage. Computer-

2015202922 29 May 2015

1) veadable media are capable of storing information that can be interpreted by microgrocessor
48, This information may be data or may take the form of computer-executable instructions,
such as software applications, that cause the micreprovessor o perform certain functions
sudfor computer-tmplnmented methods. Depending on the embodiment, such computer-

regdable media may inchusle computer storage media and communication media, Computer

e
(94

storage media may include volatile and non~volatile, removable and nonremovable media
implomented i any methad or technology for storage of i.ui’s‘srin}a{im:suc}z‘ as computer-
readable ingtructions, dat;a struchures, program modales or other data. Computer storage
media may tnclude, but ix not lmited to, RAM, ROM, EPROM, EEPROM, flash memory or
other solid state memory sechnology, CD-ROM, DVD, or other uptical storage, magnetic

20 cassettes, magnetic tape, magnetic disk stowage or other magnetic storage devices, or any
other medium which can be used o stove the destved information and which can be accessed

by components of the system.

In the embodiment shown, 2 time processing unit {TPU) 58 may provide timing
control signals (o a light drive circuilry 88, which may control when smitter 186 is
25 iuminated and multiplexed timing for the RED LED 44 and the IR LED 46. TPU 38 may
also control the gating-in of si goals from detector 18 through an amplifier 62 and 2
switching cirouit $4. These siguals are sampled at the proper me, depending upon which
lght source iy illumingted, The received signal from detector 1R may be passed through sn
amaplifier 66, a low pass flter #8, and an analog-to-dightal converter 78, The (iigitgﬁ§. data

30 may then be stored o a queved serial module (QSM) 72 (or hutfer) for fater downloading to

i1
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RAM 54 as QSM 72 §ills up. In one embodiment, there may be multiple separate paraliel
paths having amplifier 68, filter 68, and A/D converter 78 for multiple lght wavelengths or

specta received.

In an embodiment, microprovessor 48 may determing the patient's physiological

[

parsmoters, such as SpO; and pulse rate, using various glgorithms andfor look-up tables
hased on the value of the recetved signals and/or data corresponding to the light received by
detector 18, Signals corresponding to information sbowt patient 48, and particularly about
the Jutensity of Heht emanating from 2 patient’s tissge over time, may be ransmitted from

encoder 42 to o decoder 74, These signals may include, for example, encoded information

2015202922 29 May 2015

10 relating io patient characteristivs. Diecoder 74 may translate these signals to enable the
microprocessor to detenmine the thresholds based on algorithms or {ook-up tables stored in
ROM 52, User inputs 56 may be used 1o enter information about the patient, such as age,
weight, height, diagnosis, medications, treatments, and so forth, In an embodiment, display
24 may exhibit a list of values which may generally apply i the patient, such as, for

1§ example, age ranges or medicstion families, which the vser may select using user inputs 56,

The optical signal through the tissue can be degraded by notve, among other sources,
Que souree of noise is sivbtent bight that reaches the Bght detector. Another source of noise
is slectromagoetic coupling from other glectronic instruments. Movement of the patient also
introduces noise and affsets the signal, For example, the contact hatween the detector and
20 the skin, or the emitter and the skin, can b tesaporarily disrupted when movement causes

eithier to move away from the skin, In addition, because blond is a fluid, it responds

differently than the surrounding tissue {o tnertial etfects, thus resulting in maomentary

changes in volume st the point to which the oximeter pxﬁvbe is attachedd,

Nese {e.g., from patieat movement) can degrade a pulse oximetry signal rebied upon
35 by aphysictan, without the physicia'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 waiching the
instrument or other parts of the patient, and not the sensor site. Processing pulse aximelry
(i.e., PPG) signals may tmvolve operations that redoce the amount of noise present in the
signals or otherwise identify notse components i onder to prevent them from sffecting
30 measurements of physiological parameters derived from the PPG signaks.

12
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Iowill be understood that the prese:nt.dis slosuse is applicable o any suitable signals
and that PPG siguals are wsed merely for illastrative purposes. Those skilled i the ant will
recognize that the present disclosure has wide applicability to other signals including, bt
net himited to other biosignals (e g., electrocmrdiogran, clectroencephalopram,
electrogastrogram, electroryogean, heart rate signals, pathological sounds, ultrasound, or
any other suitable blosignaly, dynamic signals, non-destractive testing signals, condition
monitoriong signals, Tuid signals, geophysical signals, astronomical signals, electrical
signals, financial signals including financial indices, sound and speech signals, chemieal
{1 0:}&Es, meteom‘oa&wl stgnals including climate siguals, ansd/or any other suitable signal,

and/ox any combination thereof.

FIG. 3 iy an ilustrative signal processing system in accordance with an embodiment.
In this embodiment, fnput signal generator 310 generates an laput signal 318, As illustrated,
input signal generator 310 may nclude oximeter 328 coupled to sensor us which may
provide as tnput signal 316, a PPG signal. 1t will be understood that input signal generator
310 may inchude any suitable signal source, signal generating dats, signal generating
equipment, of any combination thereof o produce signal 316, Signal 318 may be any
suitable \igmd ov stgnaly, such as, for example, biosignals (e o slectrocardiogram,
slectroencephalogram, electrogastrogram, electromyogram, heart rate signals, pathological
sonnds, sltrasound, or any other suitable biosignal), dynamic signads, non-destructive testing

seophiysical signals, astronomical

R

signals, condition montioring sigaals, flaid sigaals,
signals electrical signals, financial signals including financial indices, sound snd speach

signals, chemical signals, meteorological signals including climate signals, andfor any other

suitable signal, andfor any combination therent,

In this embodiment, signal 316 may be coupled to processor 312, Processor 312
may he sny suitable software, firmware, and/or hardware, andfor combinations thereof for
provessing signal 386, For example, processor 312 may include ove or more hardware
processors {eg., integrated circuits), one ov Mo software modules, compuer-readable
media such as memory, firmware, or iy combinatinn thereof. Processor 312 may, tor
example, be a computer or may be ope of more chips (i.e., integrated circuits). Procesaor

312 may perform the caleulations associated with the signal processing of the present

13
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disclosure as well as the valeulations associated with any suitable iterrogations of the
provessed signals. Procsasor 312 may performu any suitable signal processing of signal 318
to filter signal 318, such as any suitable band-pass filtering, adaptive filtering, closed-loop

filtering, andfor any other suitable filtering, and/or any combination thereot.

Provessor 312 may be coupled to one or more memory devices (oot showa) or
ircorporate dRE of prore memory devicss such as any suitable volatite memory devive {e.g.,
RAM, registers, efc.), nen-volatile memery device (e g, ROM, EPROM, magnetic storage
device, optical storage device, flash merory, st or both, The memory may be used by
processor 312 to, for example, store data correspending 10 8 continnons wavelet transform of
tput signsl 316, such as dats representing & sealogram. v one embodinent, data
representing a scalogram may be stored in RAM or memory internal 1o processor 312 as any
suitable three-dimensionsl data structire such as a three-dimensional array that represents
the svalogran as energy levels in a time-scale plane, Any other suitable data steucture muay

be used to store data repyesenting a scalogra.

Processor 312 may be coupled to outprt 314, Ouipwt 314 ey be any suitable owipan
device such as, for exsmple, one or mow medical devices (e . a medical monitor that
displays vavious physiclogion! parameters, a medical alarm, or any vther suitable medical
device that either displays physiological paramesers or uses the cutput of processor 312 ay
“an input), one or more display devices (e g, monitor, PDA, mobile phowe, any other suitable
display device, or airy combination thereof), one or more andin devices, Dre oF more

memory devices (e.g., bard disk drive, flash memory, RAM, optival disk, sy other sultable

menery device, or wy combination thereof}, one or more printing devices, any other

suitable output devics, orany combination thereof,

it will be understood that system 300 may be incorporated o sysiem 19 {FIGS. 1
and 2} i which, for example, input signal generiator 318 may be iz:apis:zr‘uesxiﬁfduas‘pems of

sensor 12 and monitor 14 and processor 312 may be implernented as past of monitor 14,

FIG. 4 shows a praph of a PPG signal 4082 and filtered PPG signal 404, according 1o
an embodiment. Palse oximetey aystem 10 may process PPG signal 482 using any suitable
filtering technique to create filtered PPG 404, For example, pulse oximetry system 16 may
use a band pass filtering techimicue 1o generate filtered PPG signal 404, Pulse oximetey

4
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system 18 may use PPG signal 402 or filtered PPG signal 484 to identify features of the raw
PPG signal (Lo, PPG signal 482). As lostrated tn FIG, 4, pulse oximetey system 1 has
filvered PRG signal 402 10 more easily identity turning points {2.g., twrning points 4046, 408,
418) (1., points st which the first derivitive of the signal changes from: positive to negative
ov from negative 1o positive} associated with the heatt rate. In one sutable approach, pulse
oximetry system 10 may identify each turning point associated with a valley. In another
suttable approach, pulse oximetry system 18 may identify vach turning point sssockated with
a paik or sny other desired charscteristic of PPG signal 402 such a3 & midpoint between &
valley and peak ov any other snitable location between the valloys and peaks. In another
suitable implemeniation, perticalarly suited for analysis of signals which may inclade
'imi}iii.pﬁt. peaks and valleys within a repetitive cotaponent, the pulse oximetry sysiem 19
employvs additional logic in addition {0 or fatead of turning point detection o distinguish
madividual vepetitive components. Such logic may include e or more of, for example, data
indicating expected periodicity ranges for the signal, characteristic signal shape data, and

pattern recognition fegic, Such logic is cordigured to robustly distinguish individaal

repetitive components within the sigual such that smaller signal viwlations within a repetitive

compeneit do not result it improper signal segmentation.

When the desired characteristics (which in this embodiment is the turning points
associated with valleys) sre identified, pulse nximeiry system 18 may ot or hreak filtered
PPG signal 404 ( or alternatively, PPG sigual 482) at each identified festwee (2.8 gach valley
oF turning polnt) to create 2 plurality of consecutive segraents, such as segments 412, 414,
and 416, corresponding to each heart pulse. If PFPG signal 402 is being twoken up, then
p‘x.iis;e”oxim-eﬁrj.{ systems 10 may break up PPG signal 402 at puints corresponding in time o
the identitied features of filtered PEG stgnal 404, Pulse oximetry system 18 may combing

cach pulse segrient, e.g.. by interpolating between pulse se

X

gments, and stacking theny
against each other as shown in the schematic of FIGS. §A-8C, resulting in the thyee

dimensional renderings depicted n FIGS. 64 and 68

Referring o FIG. 4 and FIGS. SA-3C, FIG. 5A shows an original signal 508 (e.g.,

filtered PPG sigial 464) depicted in two dimensions X and Y. For ilhuatrative purposes,
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FIG. A also depicts turniog points 302a-503¢ (generally “urning poiats 5627 to aid in

discerning the beginning and end of segments $684a-504e (generally “segments 5047},

FIG. 8B inclodes an addivonad axis (71 added orthogonal to X and Y axes. In
addition, FIG. 5B shows each individual segment 384a-504e being rotated over the X-2
plane. After these rolations, the segments are then stacked as shown in FIG. 3C. Tnone
stnbodimant a sutface between the segments is derived by uterpolation or other suitable

SRUMBtoN procasy.

FIG. 5D is a flow chart of a method 328 for processing a PPG signal as depicted in
FIGS. 5A-5C. The method 520 begins with the receipt of 4 PPG signal (step 5223, A
digital 1o anglog converter digitizes the signal and stores it in memory (step 823). The

mermory may be any suitable form of randoms aceess meniony,

As the sigoal 15 belng received, individusd heart beats are deteated. Dietecting heart
beats includes detecting turning points in the signal (step 5243, specifically turning points at
which the slope of the signal switches from negative © positive, and applying segmentation
togic {step 828} to detenmine whether the identified eming ‘gmi‘rj;‘t‘m{;@msmtsIi‘ﬁfz et of &

hemt beat. Inone implementstion | the segmentation logic nclndes a range of heart beat

duration times. If the terning point scoars 100 close in time 1o the beginning of the heant

beut, the turming point is ignoved for segrmentation purposes. In another implementation, the
sepmentrtion logic conypares the amplitude of the sigaal at the detecied tarning point with
the amplitude of the signal at the beginning of the segment, If the amplitde variation
exceeds a predetenmined threshold, the turning point is likewise ignared for ssgmentation

purposes. b g further buplementation, applying the segmentation logic includes appiying o

combination of a duration comparison and an smplitude comparison.

Upon detection of a uming point that meets the eriteria for “i‘miiifcaﬁing the end of a
segment, the detected segment is stored separately in memory (step 528), In one
embodiment, the segment is stored as o bitmap of the signal in two dimensional space. In
another embaodiment, the signad is stored as & mathematical represeatation of the sigaal,
Metadata indicating the position of the segment in the complete signal, along with date,

time, andfor patient information may alse be stored along with the segment.

1o
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A successive se‘gmfcm\ are stored, the segments sre transposed to form the stack of

segments (step 530). In ove implomentation, a pulse oximetry system 10 forms the stack of
segments by forming ¥ new image, having three dimensions, in which cach segment is

transposed adjacent a previous segent. Inone ‘exzimpk%, as depicied in FIGS. 5A-5C, cach
segment is rotated 90 degrees about the Y axis such that it russ along the 7 axis, with the ¥

axis still representing the magnitude of the signal. In another example, the length each

segrment remains paratlel to the X sxds and each successive segment is positioned bebiad or
in front of a prior segment along the Z-acis. The distance between successive segments, in
one puplementation, corresponds o the length of the infervening segment. Alternatively,

the segments may be spaced a vommon, abitrary distance apatt,

With the segments stacked in three diinensions, the pulse oximstey system 18 derives
a surface joindng the stacked segments (step 332}, In one embodiment, ¥ axis values for
intervening peints in ihe three-dimensional stack are iterpolated based on the kuewn signal
values, Suitable interpolation techniques include, without Hinitation, inga interpolation,
polynomial interpolation spline interpolation. Optionally, Y axis values from the resulting

surface are convertad to color values {step 834} according to a predetermoined color map.

Pulse oximetry systeny 18 may combine gach pulse segiment to create a three-
dimensional surface us depicted in FIG. 64, o1, in one smbodime, 8 two-dimensional
surface voded according 1o a color mag o repnssent the third axis, such ss surface 64
illustrated in FIG. 6B, To generate surface 6680, each pulse segment identitied from filtered
PRG sigral 484 i stacked as shown in FIG. 8A-5C, where each subsequent pulse segment
may be stacked next 1o the previous (in time) gm}se.. segment to create a series of palse

segments. I desived, the series of pulse segments may he interpolated to create a three-
dimemionad seface. Any suitable yaterpolation techoiques may be ased, R will be
understood that generation of 8 three-dimensional surface is an optional step of the present
discloswre. However, for purposes of clarity and conciseness, sud not by way of tiutation,
the embodiments are described bereln in the context of a three-dimensional surface.

Subsequent processing may be performed using a three-dimensional surfuce, g series of

wlse sepments, any other trapsposition, ramformation, or interpelation of the series of
P P 5 P

pulse segments, or any combination thereof,

17
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The X-axis of FIGS, 6A and 88 is referred to as the “Hme-axis”, According 1o
embadiments, cach point on the tme-axis represents an emtire pulse segment and thus has 3
time range assoctated with it The X-axis for cach pulse segment may be labeled based on
any suiitable time within the pulse ségm‘mt such as the starting or cnd thne of the segment or
the e scorvesponding © the peak in sach segment. (Note that the start location may alse
be modified to an integer reflecting the sequence of pulses, or any other timing or ordering
that is appropriate to subsequent analysis). According o one embodiment, the Z-axis of
FIGS. 64 and 6B indicates each sequential data ‘;}dim‘ within each pulse segment. As
shown, sach pulse segment starts on the X-axis and extends slong the Z-axis, The pulse
segrnents may vary in length, Therefore, pulse oximetey 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. 54 1s depicted by the height of the swrface
ortsogonal to the X-Z plave. The Y-axis is ropresented in FIG. 6B as a color associated
with a color map. The swrface in FIG. 64 and the color map shown in FIG. 6B represent
PPG sigral 404 a8 a three-dimensional surface ¢80 ax previousty discussed. The thuee-
dimensional surface may be sualyzed by, for sxample, pulse oximetry system 18 to look for
characteristics of individus! pulses or sinilarities or differences hetween different pulses.
This technique may be used, for example, 1o derive phase iformation, amplitude
information, shape information, any other suitable information, o any combination thereuf
about pulses. This technique pray alss be wsed o analyze changes i the focations of

characteristio features scross @ group of pulses.

In alternative embodiments, the height profile of the ariginal signal axis is the Y-
coordinate of the plot {coming ont of the page). In addition, the processing system may
normalize the baseline ‘:;sf"each%;}uise by projecting the pulse down onto a baseline as shown
in FIG. 7. FIG. 7 shows that the vertical het ghts taken from the pulse signal to the line
sdrawn betwoen endpoints are used 10 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

aken and projected down onto & normalized baseline, The normalized baseline may be 3
taken and projected down onto @ normalized baseline, The normalized haseline may be a

18
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hortzantal baseling. In this way the original signal's baseline varitions may be decoupled
from anmphitnde varigtions of interest in the repeating pulse featwre self. This may be

advantageous when, for example, large scale artifact features are present inthe signal,

In some exhodiments, the derived surface may be used to determine respiration

WE

nformation {e.g., individual breaths and respiration rate) by looking at. for example, focal
maxima, Fer exampie, local maxima 602, 684, 606, and 608 are indieative of individual
breaths. Iy other embodiments, ridges may be detected (e g, substamtially vertical or
harizontal ridges) to provide fanther information about the signal. For example, the skews
of ridges from vertical or horizontal axes in FIGS. 6A and 6B, such as skewed ridge 616,
1 may be used o detect the ditferential phase effect of respiration on the characteristic
features within each pulse. This allows respiratory activity on gach pulse component to be
montored individaally. Hence differential sctivily within the pulse itself can be mouitored
or observed more easily. Other iformation that may be obtained frony the derived surface
may melude long term and localized bMood pressure vartations. In addition palse
15 morphology changes with changes in arterial compliance. hence the method may be used B
montter complhiance changes by detsrmining the effect iéf compliange shanges on the pulse
chareteristics. Further, palse xm-rphf:sig}gy may describe vascular response 1o severe illness
inchuding, but not Hmited to, sepsis and meningitis, Hence, the method detatled herein may

b ased 1o measure Huess severity,

20  FIG. B is a flow chart of a signal processing method 860 for analyzing a signal
according to one Hustrative smbodiment, The signal processing method 864 begins with
receiving & sigial for processing (step 862). For exanple, the received signal may be a
photoplethysmograph sigual 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 w

2% remave nolse or  isnlate desired signal components. In sliernative embodiments, the
signal may be any signal having generally repetitive signal components, including, any of

the siguals disclosed above.

The signal processing method 806 continues with identifying s plurality of features
of the signal cormesponding to at loast one repetitive componemt of the signal {step 804),
30 Scgments of the signal identified based on the features are then tranaposad ta form a stack of

G

Loa2



2015202922 29 May 2015

WO IR IGAON1238 PCTAB20C8/08018%

segrnents (step 8065, EHach scgment in the stack of segnients has as start and end points

=

portions of adjacent features,

Based on the stack, information sbout the signal is derived (step 808). 1o one

crabodiment, the information is derivod avomatically by a processor, for example, a

k¥ <1

processor incorporated imo monitor 14 of FIG. 1. In spother embodiment, the information
is derived by g processor external to pulse oximeter 18, In wtill another enbodiment, the
information is derived by a practitioner visnally evainating the three dimersions! surface

608, In addition, the derived information may sptionsily be further evahuated to diagnose

the existence anddor severity of a condition {step 818) of a patient, systens, or other object
10 being monitored to oblain the signal. The derived information, imiudmg\any AAGNOSIS,
may be displaved, fur example, 1o 3 paticont, reacwchey, superviser, technician, or clinician

{step §12).

FIG. 9 is a flow chart of a method 90 of determining and outputiing 2 breathin g

rate, accorditg 19 an iusteative embodiment. As indicated above, analysis of the stack of

el
X2

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 patienmt without baving to monitor
their respiration direetly. Specifically, ii'sf:usxmg}‘i‘itstx&‘;t of each segment, corresponding to the
absorpiion of light modalated by volumetric changes in blood within 48 propagation path,
varies based on i t&xtz;ﬁata}. relationship to & most recent breath. Local manima in Y-

20 dimension of the stack of segments vorrespond to individual breaths. Thus, caloulating the

frequency of such maxima yislds o reathing rate.

The breathing rate detection method 908 begins with receipt of a PPG signal (step
9825, Repetitive featores are identified to detect individual signal segments corresponding
w heart beat pulses {step 904) The pulse sepments are then transposed with respect 1o oue
23S snother as described above  form s stack of segments (step 8063, Ag described above, the

stack of sepments may be tn the form of g three-dimensional tmage, or alternatively, the ¥~

axis may be represented s g color map. Individual breaths are then detected hy detecting

amdt analyzing features, which may be characterized s focsl maxima, in the stack of

segments (step $88) The features may be analyred independently, or in conjunetion with
30 information obtained from a lecal scalogram, including, for example, its shape and andfor

20
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context. The frequency of such breaths is then calvulated o determing a breathing rate {step

910} and the bresthing rate andlor the stack of sepments s displayed (step ¥12).

In one embodiment, the breathing rate detection method 900 also fncludes
monitoring the breathing rate of  patient over time (siep 214) and issuing sleris (step 916)
upon detection of abuormal bregthing rates {DB 9158). Abnormality may be determined
hased on compartson of a current bresthing rate to an individual's breathing rate history. For
example, it one embodiment, an alert is issued {step $16} if a patient’s breathing rate
exceeds thelr aversge breathing rate by a predetermined multiple of, or by a predetermined
mamber of standard deviations from, the patient's mean breathing rate. Axs alert may also be
iasued {step 216) if the patieat’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 dweshwolds, In cach case, thresholds may be adjusted to
take o account other physiological imlicaticns, for example to avoid false alerts during

perisnds of sleep.

FIG. 18 is a flow chart of a method 1000 of monitoring respiratory activity hased on |
differential phase effects of breathing on pulbse characteristios, according to an illustrative
srnbodiment. As indicated above, analysis of the stack of segments can detect ridges
primarity akmsz both the X and 7 axes. These ridges, however, may not be perfectly aligned
with the axes. Deviation from axis alignment provides a measure of the differential phase
affect of respiration on the characteriatic foatuves within sach pulse, Le., how the progimity
of varicus features of the pulse varies in relation to its temporal proximity to a breath, For
example & cau indicate how the sespivatory pressure variations are transmitied threugh the
vasoular system. Thus highlighting resistive hysterists information nsefnd in the mopiioring

of arterial compliance.

The method 1600 begins with the receipt of g PPG signal {step 1662). Repelitive
features see identified (step 1004) o find ’sig,!’l&f segments. The sigaal segments are then
stacked to form a stack of segments (step 1006). The stack of segments is analyzed to
identify ridges, and their corresponding crientation (step 1008). Ridge shape and
ortentation are further analyzed to detect & respirstory differentiad phase affect (step 1010).
These respiratory differential phase effects wonld be monitored to deteet compliance
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changes (step 1013}, Rapid compliance changes may be indicative of the efficacy of
vasoeonsirictive or vasodilative drugs administered to the patient. The detection of
compliance changes may also be used i g contipuous pon-invasive blood pressure sysiom as
an indication that & recalibration is reguived.

5 The foregoing is merely Hlostrative 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 und spirit of the disclosurs,

2015202922 29 May 2015
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What is claimed i

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

wlentifying a plurality of featwres of the signal corresponding 1o the at least one
repetitive component;
transposing a pluality of segments of the signal to form a stack of sepments, the

segments having as starting and ending points sdjacent identitied features; and

deriving information based at feast in part from the stack of segments..

2015202922 29 May 2015

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

-

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

individual breaths in the stack of segments.

4 The method of clatm 2, wherein deriving information comprises deriving a

respiration rate.

18 5 The meihod of claim 2, wherein the repetitive componsnt comprises # pulse

conponent of the PPG sigual.

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

comprises Wentifyving a plurality of turning points of the signal.

7. The method of claim {, wherein transposing the phueality of segmenis of the signal 1o
20 form g stack of segments comprises aligning each subsequent segment next o the previous

segment atong a first sxis, wherein the length of sach segment extends along a second axis
perpendicudar to the first axis,
R, The method of clsim 7, further comprising detecting local maxima across either the

first axis andfor the second axis to identify ridges.

N3
2

9, The method of cloim 8, wherein the signal comprises a PPG sigoal, sud wherein
deriving information comprises analyzing the ridges detected along the first axis to calonlate

the differcntial phase effect of respiration within cach segment.
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10, The method of claim 1 wherein the signal comprizes a PPG sigoal and wherein

deriving information comprises determining variations fn blood pressure.

il The method of claim 1 whereln the signal comprizes & PPG signal and whersin

deriving information comprises determuning arterial compliance change.

12, The methesd of claym 1 wherein the signal comprises a PPG signal and whersin

deriving information comprises determining illness severity.
i3, A syatern for signal processing comprising:
a proceasor capable of:
receiving a signal comprising a repetitive component,
identifyving a feature of the signal corresponding o the repetitive component,

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

the spgnients comprising starting and ending points generally adiacent the identified feature;

dertving informstion based at least in part upon the stack of segments.

t4, The system of clairo 13, comprising @ sensor, and wherein the provessor receives the

signal from the sensor.

o
4

The system of claim 14, wherein the sensor comprises 3 pulse eximeter and the

signal comprises a photoplethysmograph (PPG) signal.

16, The system of claim 15, wherein deriving information comprises identitying

individual breaths by wentifying local maxims in the stack of segments.

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

respiration rate.

18, The systern of claim 15, wherein the repetitive component is a pulse component of
the PPG signal

190 The system of claim 13, wherein identifying & feature of the sigeal comprises

identifving a tmning point of the signal,

24
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20, The systemof claim 13, wherein transposing the plorality of segments of the signal
ter formm a stack of segnents comprises aligning each subsequent segment next o the
previous segment along a first axis, wherein the length of each segment extends along o
second axis perpendicular to the first axis.

S 2%, Thesystem 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
photoplethysmuograph (PRG) signal and deriving information comprises analyzing the ridges

detected along the first axis to calculate the differential phase effect of respivation within

2015202922 29 May 2015

10 sach segment.

23, The system of claim 13, comprising & pulse oximeter, Wherein the signal conprises 2
photaplethysmoegraph (PPG) signal and deriving information comprises determining
vartations i blood pressure.
24 The system of chaim 13, comprising a pulse oximetor, wherein the signal comprises a
18 photoplethysmograph (PPG) signgl and deriving information comprises determining arterial
comptiance changs.
250 The system of claim 13, conygsising a pulse ogimeter, wherein the sipnal comprises a
photoplethysmograph (PPGH signal and deriving information comprises determining illness
severtty,
20 26 The systemnof olaim 13, wherein the processor s capable of issuing an alert based in
pact on the derived information.
7. A computer readable medium storing compuier readable mstructions, which, when

exseuted by a processnr, Lause the processar 10 a carry o & method comprising:

receiving a signal comprising a repetitive Component

P
(o

identifying a plurality of features of the signal corresponding 1o the af least one
repetitive component;

transposing A plurality of sepments of the signad to form a stack of segments, the
segments having as stating and ending points adjacent identified featwres; and

25
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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 compuier readable media of claiva 28, wherein deriving tnformation comprises

analyaang ridges detected along a fivst axis of the stack o caloulate a differentind phase effect

of respiration within each segment.
20 The computer readable media of claim 28, wherein deriving information comprises
at least one of determining varitions in blood pressare, determining antertal compliance

change, and determining Hluess severity.
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