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SYSTEMS AND METHODS FOR DETERM NI NG RESPI RATI ON | NFORVATI ON
USI NG FREQUENCY DEMODULATI ON

The present disclosure relates to physiological si gnal
processing, and nore particularly relates to determning
respiration information from a physiol ogical si gnal wusing

frequency denodul ati on.

Sunmmary
A nethod for determining respiration information for a

patient conprises receiving a photoplethysnograph (PPG signal
that includes a frequency nodul ation conponent caused at | east
in part by respiration, processing the PPG signhal to move the
frequency nodulation conponent into a baseline conponent of
the PPG signal to generate a processed PPG signal, and
anal yzing the processed PPG signal to determine the
respiration information based on the frequency nodulation
conmponent

A non-transitory conputer-readable storage medium for use
in determining respiration information for a patient includes
a conputer-readable nedium having computer program
instructions recorded thereon for receiving a
phot opl et hysnogr aph (PPG signal that includes an frequency
nmodul ati on conponent caused at least in part by respiration,

processing the PPG signal to nove the frequency nodulation
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component into a baseline conponent of the PPG signal to
generate a processed PPG signal, and
anal yzing the processed PPG signal to determine the
respiration information based on the frequency nodulation
conmponent

A patient nonitoring system conprising processing
equi prent is configured to receive a photoplethysnograph (PPG
signal that includes an frequency nodulation conponent caused
at least in part by respiration, process the PPG signhal to
nmove the frequency nodulation conponent into a baseline
component of the PPG signal to generate a processed PPG
signal, and analyze the processed PPG signhal to deternmine the
respiration information based on the frequency nodulation

conponent

Brief Description of the Figures

The above and other features of the present disclosure,
its nature and various advantages wll be nore apparent upon
consideration of the following detailed description, taken in
conjunction with the acconpanying draw ngs in which:

FIG 1 shows an illustrative patient nonitoring system in
accordance with sonme enbodinents of the present disclosure;

FIG 2 is a block diagram of the illustrative patient
monitoring system of FIG 1 coupled to a patient in accordance
with sone enbodinments of the present disclosure;

FIG 3 shows an illustrative anplitude nodulated PPG
signal in accordance wth sone enbodinments of the present
di scl osure ;

FIG 4 shows an illustrative frequency nodulated PPG
signal in accordance wth sone enbodinments of the present
di scl osure ;

FIG 5 is a flow diagram showing an illustrative flow for

determining respiration information based on anplitude
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denmodul ati on of a physi ol ogi cal signal in accordance wth sone
enbodi nents of the present disclosure;

FIG 6 is a flow diagram showing an illustrative flow for
determining respiration information based on anplitude
denmodul ati on of a physi ol ogi cal signal in accordance wth sone
enbodi nents of the present disclosure;

FIG 7 is a flow diagram showing an illustrative flow for
determining respiration information based on frequency
denmodul ati on of a physiol ogi cal signal in accordance wth sone
enbodi nents of the present disclosure; and

FIG 8 is a flow diagram showing illustrative steps for
determining respiration information from a scalogram in

accordance with sonme enbodinents of the present disclosure.

Detailed Description of the Figures

A physi ol ogi cal signal such as a photopl et hysmogr aph (PPG
signal may be indicative of pulsatile blood flow Pul satil e
blood flow may be dependent on a nunber of physiol ogical
functions such as cardiovascular function and respiration.

For example, the PPG signal may exhibit a periodic conponent
that generally corresponds to the heart beat of a patient.
This pulsatile conmponent of the PPG signal may be used to
det ermi ne physi ol ogi cal paraneters such as heart rate.

Respiration may also inmpact the pulsatile blood flow that
is indicated by the PPG signal. For exanple, respiration may
cause changes in the anplitude and frequency of the PPG
signal . By identifying, extracti ng, i solating, or otherw se
utilizing the anplitude nodulation conponent, frequency
nmodul ati on conponent, or both of the PPG signal, it may be
possible to calculate respiration information such as
respiration rate from the PPG signal.

The pulsatile conmponent of the PPG signal may provide a
carrier signal for the anplitude nodulation conponent of the

PPG signal, the frequency nodulation conponent of the PPG
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signal, or both. Signal analysis techniques (e.g., Fourier
analysis, Hilbert transforns, and wavelet techniques) may
sonmetimes not effectively discern the anplitude nodul ation
conmponent or frequency nodul ation conponent from the carrier
signal, and therefore may not be able to accurately determ ne
respiration information such as respiration rate from a
conventional PPG signal.

As is described herein, the anplitude nodul ation
conponent, frequency nodul ati on conponent, or both, may be
denodul ated from the pulsatile conponent of the PPG signal.
Denodul ating the anplitude nodul ation conmponent, frequency
nodul ati on conponent, or both, may nove the respective
conponent (s) to a baseline conponent of the PPG signal, such
that a signal generally corresponding to respiration is
discernible within the baseline conponent of the PPG signal.
Signal analysis techniques may be utilized to determ ne
respiration information based on the anplitude nodul ation
conponent, frequency nodul ation conponent, or both.

For purposes of clarity, the present disclosure is witten
in the context of the physiological signal being a PPG signal
generated by a pulse oxinmetry system It will be understood
that any other suitable physiological signal or any other
suitabl e system may be used in accordance with the teachings
of the present disclosure.

An oximeter is a nedical device that may determ ne the
oxygen saturation of the bl ood. One common type of oxineter
is a pulse oxineter, which may indirectly neasure the oxygen
saturation of a patient's blood (as opposed to neasuring
oxygen saturation directly by analyzing a blood sanple taken
fromthe patient) . Pulse oximeters may be included in patient
nonitoring systens that neasure and display various blood flow
characteristics including, but not limted to, the oxygen

saturation of henoglobin in arterial blood. Such pati ent
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monitoring systens nay also neasure and display additional
physi ol ogi cal par anet er s, such as a patient's pulse rate.

An oxinmeter mmy include a light sensor that is placed at a
site on a patient, typically a fingertip, toe, forehead or
earlobe, or in the case of a neonate, across a foot. The
oxinmeter may use a light source to pass light through blood
perfused tissue and photoelectrically sense the absorption of
the light in the tissue. In addition, locations that are not
typically wunderstood to be optimal for pulse oxinetry serve as
suitable sensor locations for the nonitoring processes
described herein, including any location on the body that has
a strong pulsatile arterial flow For exanple, additional
suitable sensor locations include, wthout |imtation, t he
neck to nmonitor carotid artery pulsatile flow, the wist to
monitor radial artery pulsatile flow, the inside of a
patient's thigh to nonitor fenoral artery pulsatile flow, the

ankle to nmonitor tibial artery pulsatile flow, and around or

in front of the ear. Suitable sensors for these |ocations nmay
i nclude sensors for sensing absorbed light based on detecting
reflected 1ight. In all suitable locations, for exanple, the
oxineter may neasure the intensity of light that is received

at the light sensor as a function of tine. The oxineter my
also include sensors at nmultiple |[|ocations. A signal
representing |light intensity versus tinme or a mathematical

mani pul ation of this signal (e.g., a scaled version thereof, a

|l og taken thereof, a scaled version of a log taken thereof,
etc.) may be referred to as the photopl et hysnograph (PPG

si gnal . In addition, the term "PPG signal," as used herein,
may also refer to an absorption signal (i.e., representing the
anount of light absorbed by the tissue) or any suitable

nmat hemat i cal mani pul ati on thereof. The light intensity or the
anount of light absorbed may then be used to calculate any of

a nunmber of physi ol ogi cal par anet er s, i ncluding an anmpbunt of a
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bl ood constituent (e.g., oxyhenoglobin) being measured as well
as a pulse rate and when each individual pulse occurs.

In some applications, the light passed through the tissue
is selected to be of one or nore wavelengths that are absorbed
by the blood in an ampbunt representative of the anmount of the
bl ood constituent present in the Dbl ood. The anount of |ight
passed through the tissue varies in accordance with the
changi ng anmount of blood constituent in the tissue and the
related |ight absorption. Red and infrared (IR wavel engths
may be used because it has been observed that highly
oxygenated blood will absorb relatively less Red light and
nore IR light than blood with a |ower oxygen saturation. By
conparing the intensities of two wavel engths at different
points in the pulse cycle, it is possible to estimate the
bl ood oxygen saturation of henmpoglobin in arterial blood.

When the neasured blood parameter is the oxygen saturation
of henoglobin, a convenient starting point assunes a
saturation calculation based at least in part on Lanbert-
Beer's |aw. The following notation will be used herein:

TN = Io( ) xp( (5 0B )AG ) B WD) (i)
where :
A =wavel engt h;
i=tine;
7=intensity of light detected,;
Ig=intensity of light transmtted,;
S =oxygen saturation;
BOJ r=enpirically derived absorption coefficients; and
It)=a comnbination of concentration and path length from emtter
to detector as a function of tine.

The traditional approach neasures |ight absorption at two

wavel engths (e.g., Red and IR , and then cal culates saturation

by solving for the "ratio of ratios" as follows.
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1. The natural logarithm of Eq. 1 is taken ("log" wll be used

to represent the natural logarithm for IR and Red to yield

log I = 1log lg- (sBot(1-s) PB.)1. (2)
2. Eg. 2 is then differentiated with respect to tine to yield
dlogl dl
= (05 & 9)6)—. 3
o B P~ (3)

3. Egq. 3, evaluated at the Red wavelength Ay, is divided by

Eq. 3 evaluated at the IR wavelength A, in accordance wth

dlogi(Ag)/dt _ sBy(Ap)+(1=5)B(Ag)

. 4
diog | {Ap)/ At sBo{hg) + i )B,{hig) ()
4., Solving for S yields
dlogl {4 d\ogl {15)
S e T
~ a0l () ogl( ) '
— Bl - B ) == B0 () - Br (M)
(5)
5. Note that, in discrete time, the follow ng approximtion
can be nmde :
I (4,t
%’l log 7@\,i0)- log (4, ) . (6)

6. Rewiting Eq. 6 by observing that log A- IogBZIOQ(AIB) yi el ds
1(t,, 4
d\ogl(ﬂ,t)ﬁlog (45, 4) .

7. Thus, Egq. 4 can be expressed as

dllog (A5) log[w}

(7

o (ty, )
dlog () — (1.2 ) ~ " )
0 - e
dt ¢ 1(ty, Ag)

where R represents the "ratio of ratios.”

8. Solving Eq. 4 for S using the relationship of Egq. 5 yields

= ﬁr(iR)_Rﬁr(ilR) -
R(ﬁo (AIR ) - ﬁr (AIR )) - ﬁo (AR ) + ﬁr (AR )

(9)
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9. FromEgq. 8, R can be calculated using tw points (e.g.,
PPG maxi mum and mininum, or a famly of points. One nmet hod
applies a famly of points to a nodified version of Eg. s.

Using the relationship

diogl _di | dt

dt |7 (10)
Eq. 8 becones
dlog (Z,) 1\, Ag) =11, Az)
dt — I(tlaﬂ“R)
dlog () Ltadog) —1(t 2n)
dt I(t, Ag)
_[1(3/4le) - ](‘%1,],,;)]](%, ﬂvn))
[i (t2’/1IR)- ](tla/llR)]](t]a/lR)
= R, (11)

which defines a cluster of points whose slope of y versus X

will give R when
X=[G M) - 1G A 00 GLA) (12)

and

Y =1ty AR) - 1 (t A1t Ay) - (13)
Once R is determined or estimated, for exanple, using the
t echni ques descri bed above, the blood oxygen saturation can be
determ ned or estimated using any suitable technique for
relating a blood oxygen saturation value to R. For exanple,
bl ood oxygen saturation can be determned from enpirical data
that may be indexed by values of R, and/or it may be
determined from curve fitting and/or other interpolative
t echni ques .

FIG 1 is a perspective view of an enbodiment of a patient
nonitoring system 10. System 10 may include sensor unit 12
and nonitor 14. In sone enbodi ments, sensor unit 12 may be
part of an oxineter. Sensor unit 12 may include an emtter 16
for emitting light at one or nore wavelengths into a patient's

tissue. A detector 18 may also be provided in sensor unit 12
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for detecting the light originally from emtter 16 that
emanates from the patient's tissue after passing through the
tissue. Any suitable physical configuration of emtter 16 and
detector 18 may be used. In an enbodi nent, sensor unit 12 may
include multiple enitters and/or detectors, which my be
spaced apart. System 10 may also include one or nore
additional sensor units (not shown) that may take the form of
any of the enbodinments described herein with reference to
sensor unit 12. An additional sensor unit nay be the sane
type of sensor unit as sensor unit 12, or a different sensor
unit type than sensor unit 12. Multiple sensor units may be
capable of being positioned at two different |locations on a
subject's body; for exanple, a first sensor unit may be
positioned on a patient's forehead, while a second sensor unit
may be positioned at a patient's fingertip.

Sensor units nay each detect any signal that carries
information about a patient's physiol ogical state, such as an
el ectrocar di ograph signal, arterial |ine neasurenents, or the
pul satile force exerted on the walls of an artery using, for
exanple, oscillometric nmethods with a piezoelectric
t ransducer. According to some enbodi nents, system 10 may
include two or nmore sensors forming a sensor array in lieu of
either or both of the sensor wunits. Each of the sensors of a
sensor array nmay be a conplenentary netal oxide seniconductor
(CMOS) sensor. Al ternatively, each sensor of an array may be
charged coupled device (CCD) sensor. In sonme enbodi nents, a
sensor array nay be made up of a conbination of CMOS and CCD
sensors. The CCD sensor nmy conprise a photoactive region and
a transmission region for receiving and transnmitting data

whereas the CMOS sensor may be nade up of an integrated

circuit having an array of pixel sensors. Each pixel may have
a photodetector and an active anplifier. It will be understood
that any type of sensor, including any type of physiological

sensor, nay be used in one or nore sensor units in accordance
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with the systems and techniques di scl osed herein. It is

under st ood that any nunber of sensors nmeasuring any nunber of

physi ol ogi cal signals my be used to determne physiological
i nformation in accordance wth the techniques descri bed
her ei n.

In some enbodi nents, emtter 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
conpletely through the digit. In sone enbodinents, emtter 16
and detector 18 may be arranged so that light from enmtter 16

penetrat es the tissue and is reflected by the tissue into
det ect or 18, such as in a sensor designed to obtain pulse

oximetry data from a patient's forehead.

In some enbodi nents, sensor unit 12 may be connected to
and draw its power from nonitor 14 as shown. I n anot her
enbodi nent , the sensor nmay be wrelessly connected to nonitor

14 and include its own battery or simlar power supply (not

shown) . Mnitor 14 may be configured to calculate

physi ol ogi cal par aneters (e.g., pulse rate, blood oxygen
saturation (e.g., spc2) , and respiration i nformation) based at
least in part on data relating to light enission and detection

received from one or nore sensor wunits such as sensor wunit 12
and an additional sensor (not shown) . In sone enbodinents,
the cal cul ations may be performed on the sensor wunits or an

i ntermedi ate device and the result of the calculations my be

passed to nonitor 14. Furt her, monitor 14 may include a
display 20 configured to display the physiological par aneters
or other information about the system In the enbodi nent

shown, nonitor 14 may also include a speaker 22 to provide an
audible sound that nmay be used in various other enbodinents,
such as for exanple, sounding an audible alarm in the event
that a patient's physiol ogical par aneters are not within a

predefi ned normal range. In sone enbodinents, the system 10
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includes a stand-alone nonitor in communication wth the
nonitor 14 via a cable or a wireless network 1ink.

In sonme enbodi ments, sensor unit 12 may be conmunicatively
coupled to nonitor 14 via a cable 24. In some enbodi nents, a
wireless transmssion device (not shown) or the like may be
used instead of or in addition to cable 24. Monitor 14 may
include a sensor interface configured to receive physiological
signals from sensor unit 12, provide signals and power to
sensor wunit 12, or otherwise comunicate wth sensor unit 12.
The sensor interface may include any suitable hardware,
software, or both, which may allow comunication between
nonitor 14 and sensor unit 12.

As is described herein, nonitor 14 may generate a PPG
signal based on the signal received from sensor unit 12. The
PPG signal may consist of data points that represent a
pul satile waveform The pulsatile waveform may be nodul at ed
based on the respiration of a patient. Respiratory
nodul ati ons rmay include baseline nodulations, anplitude
nodul ati ons, frequency nodul ations, respiratory sinus
arrhythm a, any other suitable nodulations, or any conbination
t her eof . Respiratory nodul ations may exhibit different
phases, anplitudes, or both, within a PPG signal and nay
contribute to conplex behavior (e.g., changes) of the PPG
si gnal . For exanple, the anplitude of the pulsatile waveform
may be nodul ated based on respiration (anplitude nodul ation) ,
the frequency of the pulsatile waveform may be nodul ated based
on respiration (frequency nodulation) , and a signal baseline
for the pulsatile waveform nmay be nodul ated based on
respiration (baseline nodulation) . Mnitor 14 may analyze the
PPG signal (e.g., by denodulating the PPG signal) to determne
respiration information based on one or nore of these
nodul ati ons of the PPG signal.

As is described herein, respiration information nay be

determined from the PPG signal by nonitor 14. However, it
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will be understood that the PPG signal could be transmitted to
any suitable device for the determination of respiration

i nformati on, such as a local computer, a renote conputer, a
nurse station, nobile devices, tablet conputers, or any other
device capable of sending and receiving data and perforning
processing operations. Information may be transnmitted from
monitor 14 in any suitable manner, including wreless (e.qg.,
Wi Fi, Bl uetooth, etc.), wired (e.g., USB, Ethernet, etc.), or
application-specific connecti ons. The receiving device nmy
determine respiration information as described herein.

FIG 2 is a block diagram of a patient nonitoring system
such as patient nonitoring system 10 of FIG 1, which may be
coupled to a patient 40 in accordance w th an enbodi nent.
Certain illustrative conponents of sensor unit 12 and nonitor
14 are illustrated in FIG 2.

Sensor wunit 12 may include emtter 16, detector 18, and

encoder 42. In the enbodi nent shown, emtter 16 nay be
configured to emt at least two wavelengths of light (e.g.,
Red and IR into a patient's tissue 40. Hence, enitter 16 nmay

include a Red light emitting light source such as Red |ight
emtting diode (LED) 44 and an IR light enmitting light source
such as IR LED 46 for enitting light into the patient's tissue
40 at the wavelengths wused to calculate the patient's

physi ol ogi cal par amet er s. In some enbodinents, the Red

wavel ength nmay be between about 600 nm and about 700 nm and
the IR wavelength my be between about 800 nm and about 1000
nm In enbodinents where a sensor array is used in place of a

single sensor, each sensor nmay be configured to enmt a single

wavel engt h. For exanple, a first sensor may emt only a Red
light while a second sensor nmay emt only an IR |ight. In a
further exanple, the wavelengths of light used nmay be selected

based on the specific location of the sensor.
It will be understood that, as used herein, the term

"l'ight" may refer to energy produced by radiation sources and
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Encoder 42 may contain information specific to patient 40,
such as, for exanple, the patient's age, weight, and
di agnosi s. This information about a patient's characteristics
may allow monitor 14 to determine, for exanple, patient-
specific threshold ranges in which the patient's physiological
parameter neasurements should fall and to enable or disable
addi tional physiol ogical paraneter algorithmns. Thi s
information may also be used to select and provide
coefficients for equations from which neasurenents may be
determ ned based at least in part on the signal or signals
received at sensor unit 12. For exanple, sone pulse oxinetry
sensors rely on equations to relate an area under a portion of
a PPG signal corresponding to a physiological pulse to
determ ne blood pressure. These equations nmay contain
coefficients that depend upon a patient's physiol ogical
characteristics as stored in encoder 42.

Encoder 42 may, for instance, be a coded resistor that
stores values corresponding to the type of sensor unit 12 or
the type of each sensor in the sensor array, the wavel engths
of light emtted by emtter 16 on each sensor of the sensor
array, and/or the patient's characteristics and treatnent
i nf or mati on. In some enbodi ments, encoder 42 may include a
menory on which one or nore of the followng information may
be stored for comunication to nmonitor 14; the type of the
sensor wunit 12; the wavelengths of light emtted by emtter
16; the particular wavelength each sensor in the sensor array
is nmonitoring; a signal threshold for each sensor in the
sensor array; any other suitable information; physiological
characteristics (e.g., gender, age, weight); or any
conbi nation thereof.

In some enbodi ments, signals from detector 18 and encoder
42 may be transmitted to nonitor 14. In the enbodi nent shown,
nonitor 14 may include a general-purpose mcroprocessor 48

connected to an internal bus 50. M croprocessor 48 may be
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adapted to execute software, which may include an operating
system and one or nore applications, as part of perfornming the
functions described herein. Also connected to bus 50 nay be a
read-only nmenmory (ROM 52, a random access nenory (RAM 54,

user inputs 56, display 20, data output 84, and speaker 22.

RAM 54 and ROM 52 are illustrated by way of exanple, and
not limtation. Any suitable conputer-readable nedia may be
used in the system for data storage. Comput er -readabl e  nedi a

are capable of storing infornmation that can be interpreted by
m croprocessor 48. This information may be data or may take
the form of conputer-executable i nstructions, such as software

applications, that cause the nicroprocessor to perform certain

functions and/or conputer-inplenented nmet hods. Dependi ng on
the enbodi ment, such conputer-readable nedia nay include
computer storage nedia and conmunication nedia. Comput er
storage nedia may include volatile and non-volatile, renovabl e

and non-renovable nedia inplenmented in any nethod or
technology for storage of information such as conputer-
readabl e instructions, data structures, program nodules or
ot her data. Computer storage nedia may include, but is not
limted to, RAM ROM EPROM EEPROM flash nenory or other
solid state nenory technology, CD-ROM DVD, or other optical
storage, nmmghetic cassettes, nmagnetic tape, magnetic disk
storage or other nmgnetic storage devices, or any other nmedium
that can be used to store the desired information and that can
be accessed by conponents of the system

In the enbodinent shown, a tine processing unit (TPU 58
may provide timing control signals to light drive circuitry
60, which may control when enitter 16 is illumnated and
multiplexed timng for Red LED 44 and IR LED 46. TPU 58 may
also control the gating-in of signals from detector 18 through
anplifier 62 and switching circuit 64. These signals are
sanpled at the proper tinme, depending upon which |ight source

is illum nated. The received signal from detector 18 may be
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passed through anplifier 66, low pass filter 68, and anal og-
to-digital converter 70. The digital data may then be stored
in a queued serial module (@M 72 (or buffer) for later
downloading to RAM 54 as SM 72 is filled. In some

enbodi nents, there nmay be multiple separate parallel paths
havi ng conponents equivalent to anplifier 66, filter 68,
and/or A/D converter 70 for multiple |light wavelengths or
spectra received. Any suitable conbination of conponents
(e.g., mcroprocessor 48, RAM 54, analog to digital converter
70, any other suitable conmponent shown or not shown in FIG 2)
coupled by bus 50 or otherwise coupled (e.g., via an external
bus), may be referred to as "processing equipnent."”

In sone enbodi nents, ni cr opr ocessor 48 may determine the
patient's physiol ogical paraneters, such as Sp0,, pulse rate,
and/or respiration information, using various algorithns
and/or |ook-up tables based on the value of the received
signals and/or data corresponding to the light received by
detector 18. As is described herein, mnicroprocessor 48 may
utilize anplitude denodulation and/or frequency denodulation
techniques to deternmine respiration information from a PPG
si gnal

Signals corresponding to information about patient 40, and
particularly about the intensity of light emanating from a
patient's tissue over time, may be transnitted from encoder 42
t o decoder 74. These signals may include, for exanple,
encoded information relating to patient characteristics.
Decoder 74 may translate these signals to enable
nm croprocessor 48 to deternine the thresholds based at |east
in part on algorithns or |ook-up tables stored in ROM 52. In
sonme enbodi nents, user inputs 56 may be used to enter
i nformati on, select one or nore options, provide a response,

i nput settings, any other suitable inputting function, or any
conmbi nation thereof. User inputs 56 may be used to enter

information about the patient, such as age, weight, height,



10

15

20

25

30

WO 2014/124009 PCT/US2014/014875
17

di agnosi s, nedications, treatnents, and so forth. In sone
enbodi ments, display 20 nmay exhibit a list of values, which
may generally apply to the patient, such as, for exanple, age
ranges or nedication famlies, which the user may select using
user inputs b56.

Calibration device 80, which may be powered by nonitor 14
via a comunicative coupling 82, a battery, or by a
conventional power source such as a wall outlet, my include
any suitable signal calibration device. Calibration device 80
may be conmunicatively coupled to nonitor 14 via conmunicative
coupling 82, and/or may communicate wrelessly (not shown)

In some enbodinents, calibration device 80 is conpletely
integrated within nonitor 14. In sone enbodi nents,
calibration device 80 may include a nmanual input device (not
shown) wused by an operator to manually input reference signal
measurenents obtained from sone other source (e.g., an
external invasive or non-invasive physiological neasurenent
system .

Data output 84 nmay provide for communications wth other
devices utilizing any suitable transm ssion medium including
wireless (e.g., WiFi, Bluetooth, wetc.), wired (e.g., USB,

Et hernet, etc.), or application-specific connections. Dat a
output 84 may receive nessages to be transmitted from

m croprocessor 48 via bus 50. Exenpl ary nessages to be sent
in an enbodi mrent described herein may include sanples of the
PPG signal to be transmtted to an external device for
determining respiration information.

The optical signal attenuated by the tissue of patient 40
can be degraded by noise, anobng other sources. One source of
noise is anbient Ilight that reaches the light detector.

Anot her source of noise is electromagnetic coupling from other
el ectronic instrunments. Movenment of the patient also
i ntroduces noise and affects the signal. For exanple, the

contact between the detector and the skin, or the emtter and
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the skin, can be tenporarily disrupted when novenent causes
either to nove away from the skin. Al so, because blood is a
fluid, it responds differently than the surrounding tissue to
inertial effects, which may result in nonentary changes in
volume at the point to which the oxinmeter probe is attached.

Noi se (e.g., from patient novenent) can degrade a sensor
signal relied upon by a care provider, wthout the care
provider's awareness. This is especially true if the
nonitoring of the patient is renote, the notion is too snall
to be observed, or the care provider is watching the
instrument or other parts of the patient, and not the sensor
site. Processing sensor signals (e.g., PPG signals) my
i nvol ve operations that reduce the anobunt of noise present in
the signals, control the ambunt of noise present in the
signal, or otherwise identify noise conponents in order to
prevent them from affecting neasurenents of physiol ogical
paraneters derived from the sensor signals.

FIG 3 shows an illustrative anplitude nodul ated PPG

signal in accordance wth sone enbodinents of the present
di scl osure. A PPG signal may denonstrate nmultiple nodul ations
based on the respiration of a patient, such as anplitude
nodul ati on, frequency nodul ation, and baseline nodul ation.
FIG 3 depicts a PPG signal including at |east an anplitude
nodul ati on conponent of the PPG signal due to respiration.
PPG signal 302 may be a periodic signal that is indicative of
changes in pulsatile blood flow Each cycle of PPG signal 302
may generally correspond to pulse, such that a heart rate may
be determ ned based on PPG signal 302.

The volune of the pulsatile blood flow may also vary in a
periodic manner based on respiration. The period of a
respiratory cycle may typically be longer than the period of a
pul satile cycle, such that any changes in the pulsatile blood
flow due to respiration occur over a nunber of pulsatile

cycl es. As one exanple of changes in pulsatile blood flow due
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to respiration, the anplitude of PPG signal 302 may be

nodul ated based on respiration. In the exenplary enbodi nment
depicted in FIG 3, the peak-to-peak anplitude of the

pul satile blood flow depicted by PPG signal 302 may vary based
on a respiratory cycle caused by an anplitude nodul ation
conponent 304 .

Although it wll be understood that the respiratory
anpl i tude nodul ation conponent 304 nmay inpact the anplitude of
PPG signal 302 differently based on patient conditions,
measurenment |ocation, or other factors, in the exenplary
enbodi nent of FIG 3, the peak-to-peak anplitude of PPG signal
302 varies in a generally uniform manner based on a
respiratory cycle. Each cycle of respiratory anplitude
nodul ati on conponent 304 may correspond to a breath. For
exanple, as is depicted in FIG 3 a single breath may occur
approximately once for every five pulsatile cycles (e.g.,
heart beats) . Accordingly, a respiration rate corresponding
to respiratory anplitude nodul ation conponent 304 may be
approximately one fifth of the pulse rate associated with PPG
signal 302. As will be described herein, respiration rate may
be determ ned by isolating, extracting, or otherw se
identifying the anplitude nodul ation conponent 304 of PPG
signal 302.

FIG 4 shows an illustrative frequency nodul ated PPG
signal in accordance wth sone enbodi ments of the present
di scl osure. FIG 4 depicts a PPG signal 402 including at
| east a frequency nodul ation conponent of the PPG signal due
to respiration. PPG signal 402 may be a periodic signal that
is indicative of changes in pulsatile blood flow Each cycle
of PPG signal 402 may generally correspond to pulse, such that
a heart rate may be determ ned based on the frequency of PPG
signal 402.

The timng of the pulsatile blood flow may vary in a

peri odic manner based on respiration. The period of a
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respiratory cycle may typically be longer than the period of a
pul satile cycle, such that any changes in the pulsatile blood
flow due to respiration occur over a nunber of pulsatile

cycl es. As one exanple of changes in pulsatile blood flow due
to respiration, The phase and frequency of PPG signal 402 nay
be nodul ated based on respiration. In the exenplary

enbodi nent depicted in FIG 4, the timng, frequency, and
period associated with each pulsatile cycle my vary based on
a frequency nodul ation conponent (e.g., 404, 406) associ ated
with the respiratory cycle.

In an exenplary enbodinment, a series of pulses may have a
relatively wuniform pulse period in the absence of frequency
nodul ation (not depicted) . Although it will be understood
that the frequency nodulation of PPG signal 402 may inpact the
phase and frequency of PPG signal 402 differently based on
patient conditions, neasurenment |ocation, etc., in the
exenpl ary enbodinent of FIG 4 the pulse period associated
with individual pulses may vary in a generally uniform manner
based on the relative timng of pulses within a respiratory
cycl e. For exanple, respiratory cycles 404 and 406 may each
correspond to a breath of a patient, and a respiration rate at
approxi mately one fourth of the pulse rate. The pul satile
flow of PPG signal 402 may vary such that the period of each
pulse is altered based on the relative location within the
respiratory cycle, as depicted by pulse periods 408, 410, 412,
414, 416, 418, 420, and 422. As will be described herein,
respiration information such as a respiration rate may be
determned by isolating, extracting, or otherwi se identifying
the respiratory frequency nodul ation conmponent (e.g., 404,

406) of PPG signal 402.

FIG 5 is a signal flow diagram showing illustrative
signal processing blocks for determning respiration
informati on based on an anplitude denodul ation conmponent of a

PPG signal in accordance wth some enbodi nents of the present
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di scl osure. Al though in an exenplary enbodinent, the steps
may be performed as depicted in FIG 5, it wll be understood
that the order of the steps may be nodified, steps may be
omtted, or additional steps may be added. Al though in an
exenpl ary enbodinent respiration information may be determ ned
by nmonitor 14, it wll be understood that respiration
information may be determ ned by any suitable processing

equi prent, such as a renote conputer, docking station, nurse
station, tablet device, or smart phone. For exanple, nonitor
14 may transmt a signal having sanples of a PPG signal to a
renote conputer, and the renote conputer nay determ ne
respiration information from the PPG signal. I n other

enbodi nents, sone of the operations depicted in FIG 5 may be
performed by nonitor 14 while other operations may be
performed by other processing equipnent.

In an exenplary enbodinment, nonitor 14 may generate,
receive, or otherwise acquire a PPG signal as described
her ei n. Si gnal processing operations may be perforned to
all ow an anplitude nodul ation conponent of the PPG signal to
be nore readily identified to determne respiration
i nformation. Al t hough the anplitude nodul ati on conponent of
the PPG signal may be processed in any suitable manner, in an
exenpl ary enbodi nent, the anplitude nodul ati on conponent of
the PPG signal may be noved to a baseline conponent of the PPG
si gnal .

At step 502, nonitor 14 may renove a DC conponent, signal
conponents bel ow an expected breathing band, or both, from the
PPG si gnal . DC renoval may be performed in any suitable
manner, including filtering the PPG signal (e.g., a high-pass
or band-pass filter) or identifying and renoving (e.g., by
subtracting) the DC conponent of the signal. Al t hough a DC
component of the PPG signal may be identified for renoval in
any suitable manner, in exenplary enbodinents, the DC

component may be identified based on calculating an average
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value of the PPG signal, a nean value of the PPG signal or of
i ndi vidual pulses within a PPG signal, a nmedian value of the
PPG signal or of individual pulses of the PPG signal, or based
on any other suitable mathematical or statistical operations.
In an exenplary enbodinment, the DC conponent of the signal may
be identified by curve fitting of any suitable order (e.g., a
second order curve fit) . Once a value associated with a DC
conponent of the PPG signal is calculated, the DC conponent
may be renoved in any suitable manner, such as subtracting the
DC conponent from the PPG signal baseline (e.g., on a sanple
by sanple basis) . A set of new sanples of the PPG signal may
be generated based on DC renova

At step 504, signal processing operations may be perforned
to generate a processed PPG signal for identifying an
anpl i tude nodul ation conmponent of the PPG signal. As will be
descri bed herein, respiration information nmay be nore readily
identified by nmoving the anplitude nodul ation conponent of the
PPG signal to the baseline conponent of the PPG signal, for
exanpl e, based on a identifying the anplitude nodulation
conponent within an expected range of respiration rates.

Al'though the processed PPG signal may be generated in any

suitable manner, in an exenplary enbodinent, each of the new
sanples of the PPG signal may be squared by a nultiplier. The
periodic pulsatile component of the PPG signal has a pul se
rate and may act as a carrier for the anplitude nodulation
conponent of the PPG signal based on the frequency associated
with the pulse rate. The PPG signal (e.g., as represented by
the new sanples) may be represented as a carrier signal at the
pul satile frequency w th sidebands based on the frequency
associated with the anplitude nopdulation conponent. It will
be understood that squaring the sanples partially rectifies
the PPG signal, resulting in multiple signal conponents
including a DC component, harnonics of the carrier and

si debands, and the desired anplitude nodulation conponent of
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the PPG signal (i.e., denpdulated to a baseline conponent of
the PPG signal from the carrier) .

At step 506, a data buffer corresponding to a w ndow of
data of the processed PPG signal may be generated from the
squar ed sanpl es. Al though it wll be understood that any
suitable wi ndow of data may be used, in an exenplary
enbodi nent the wi ndow of data may include 30 seconds of the
data from the processed PPG signal. At step 508, the nean
anplitude of the sanples in the buffer may be determ ned and
subtracted from each sanple in the buffer.

At step 510, respiration information may be calculated for
the buffer data of the processed PPG signal. In an exenpl ary
enbodi nent, the anplitude nodul ati on conponent of the
processed PPG signal may exhibit periodic characteristics
based on respiration. In an exenplary enbodinment, a Hilbert
transform may be perforned on the buffer data and the
respiration information may be identified within a region of
interest for respiration. In an exenplary enbodinent, a
Fourier transform may be perfornmed and a frequency
corresponding to the respiration information may be identified
within a region of interest for respiration. In an exenpl ary
enbodi nent, described herein with respect to FIG 8, a wavelet
transform may be perforned on the data, a sum scal ogram may be
generated, and a scale associated with the respiration
information may be identified.

FIG 6 is a flow diagram showing illustrative steps for
determning respiration information based on anplitude
denodul ati on of a PPG signal in accordance with sone
enbodi nents of the present disclosure. Al though in an
exenpl ary enbodi nent, the steps may be performed as depicted
in FIG 6, it wll be understood that the order of the steps
may be nodified, steps may be omtted, or additional steps may
be added. Al though in an exenplary enbodinent, respiration

information may be determined by nonitor 14, it wll be
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understood that respiration information may be determined by
any suitable processing equipnment, such as a renote conputer,
docking station, nurse station, tablet device, or smart phone.
For exanple, nonitor 14 may transmit a signal having sanples
of a PPG signal to a renote conputer, and the renote conputer
may determne respiration information from the PPG signal. In
ot her enbodi nents, sone of the operations depicted in FIG 6
may be perforned by nonitor 14 while other operations nay be
performed by other processing equipment.

In an exenplary enbodinment, nonitor 14 may generate,
receive, or otherwise acquire a PPG signal as described
her ei n. At step 602, nonitor 14 may renove a DC conponent,
signal conmponents below an expected breathing band, or both,
from the PPG signal. DC renoval may be performed in any
suitable manner, including filtering the PPG signal (e.g., a
hi gh-pass or band-pass filter) or identifying and renoving
(e.g., by subtracting) the DC conponent of the signal.
Al t hough a DC conponent of the PPG signal may be identified
for renoval in any suitable manner, in exenplary enbodinents
the DC conponent nmay be identified based on calculating an
average value of the PPG signal, a nean value of the PPG
signal or of individual pulses within a PPG signal, a median
value of the PPG signal or of individual pulses of the PPG
signal, or based on any other suitable mthematical or
statistical operations. In another exenplary enbodinent the
DC conponent of the signal may be identified by curve fitting
of any suitable order (e.g., a second order curve fit) . Once
a value associated with a DC conponent of the PPG signal is
cal cul ated, the DC conponent may be renmpved in any suitable
manner, such as subtracting the DC conponent from the entire
PPG signal (e.g., on a sanple by sanple basis) . A set of new
sanples of the PPG signal may be generated based on DC

renoval



10

15

20

25

30

WO 2014/124009 PCT/US2014/014875
25

At step 604, signal processing operations may be perfornmed
to identify the frequency and phase of the carrier conponent
of the PPG signal (e.g., based on the pulsatile conponent of
the PPG signal) . Although the frequency and phase of the
pul satile carrier conmponent of the PPG signal may be
identified in any suitable manner, in an exenplary enbodi nent
a phase |ocked |oop may determine the frequency and phase.

The phase |ocked |oop nmay be inplenented in any suitable
manner, including as software, hardware, or a conbination of
hardware and software.

A matched signal may be generated at step 606 based on the
frequency and phase that corresponds to the pulsatile
conponent of the PPG signal. Although the matched signal may
be any suitable signal and nay be generated in any suitable
manner, in an exenplary enbodinment a sinusoidal signal having
a frequency and phase that correspond to the pulsatile
conponent of the PPG signal may be generated. I n ot her
enbodi ments, a signal may be generated that generally matches
the characteristics of a typical PPG signal, such as waveform
shape and duty cycle. The matched signal may be generated in
a manner such that sanples of the matched signal correspond to
the new sanples generated in step 602. The mat ched signal may
be generated in any suitable manner, including with software
(e.g., operating on mcroprocessor 48), hardware (e.g., an
integrated circuit and/or oscillator), or a conbination of
sof tware and hardwar e.

At step 608, the matched signal may be mixed with the new
sanpl es of the PPG signal to generate a processed PPG signal
for moving an anplitude nodul ati on component of the PPG signal
to a baseline conponent of the PPG signal. Although the
processed PPG signal may be generated in any suitable nanner,
in an exenplary enbodiment the new sanples of the PPG signal
and the matched signals may be input to a mxer. The periodic

pul satile conponent of the PPG signal may have a frequency and
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may act as a carrier for the anplitude nodul ation conponent of
the PPG signal. The PPG signal (as represented by the new
sanpl es) may be represented as a carrier signal at the

pul satile frequency wth sidebands based on the frequency
associated wth the anplitude nodul ati on conponent. It wll
be understood that mxing the new sanples of the PPG signal
with a matched signal results in nultiple signal conponents
including harnmonics of the carrier and the desired anplitude
nodul ati on component of the PPG signal (i.e., denodulated to a
basel i ne conponent of the PPG signal from the carrier) .

At step 610, a data buffer corresponding to a w ndow of
data of the processed PPG signal may be generated from the
processed PPG signal. Respiration information may be
determined from an anplitude nodul ation conponent of the PPG
signal for a wi ndow of data. Al though it will be understood
that any suitable w ndow of data may be used, in an exenplary
enbodi nent the wi ndow of data may include 30 seconds of the
data from the processed PPG signal. At step 612 the nean
anplitude of the buffer may be determned and subtracted from
each sanple in the buffer.

At step 614, respiration information may be calculated for
the buffer data of the processed PPG signal. Al though it wll
be understood that respiration information (e.g., respiration
rate) may be determ ned based on the anplitude nodul ation
conponent of the processed PPG signal in any suitable manner,
in an exenplary enbodinent, the anplitude nodul ati on conponent
may exhibit periodic characteristics based on respiration
rate. In an exenplary enbodinment, a Hilbert transform may be
performed on the buffer data and the respiration information
may be identified within a region of interest for respiration.
In another exenplary enbodinment, a Fourier transform may be
performed and a frequency corresponding to the respiration
information may be identified within a region of interest for

respiration. In another exenplary enbodi nent, described
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herein with respect to FIG 8, a wavelet transform may be
performed on the data, a sum scal ogram may be generated, and a
scal e associated with the respiration information may be
identified.

FIG 7 is a flow diagram showng illustrative signal
processing blocks for determning respiration information
based on frequency denodul ation of a physiological signal in
accordance with sone enbodi ments of the present disclosure.

Al though in an exenplary enbodinment the steps may be perfornmed
as depicted in FIG 7, it wll be understood that the order of
the steps may be nodified, steps may be omtted, or additional
steps may be added. Al though in an exenplary enbodinment
respiration information may be determned by nonitor 14, it
will be understood that respiration information may be
determned by any suitable processing equipnment, such as a
renote conputer, docking station, nurse station, tablet

device, or smart phone. For exanple, nonitor 14 may transmt
a signal having sanples of a PPG signal to a renote conputer,
and the renote conputer may determne respiration information
from the PPG signal. In other enmbodi nents, sone of the
operations depicted in FIG 7 may be perfornmed by nonitor 14
while other operations may be perforned by other processing
equi prrent

In an exenplary enbodinment, nonitor 14 may generate,
receive, or otherwise acquire a PPG signal as described
her ei n. The frequency denodul ation described herein may nove
the frequency nodul ation conponent of the PPG signal to a
basel i ne conponent of the PPG signal. Si gnal processing
operations may be perfornmed to allow the frequency nodul ation
conmponent of the PPG signal to be nore readily identified
For exanple, at step 702 nonitor 14 may renove a DC conponent
signal conponents below an expected breathing band, or both,
from the PPG signal. DC renoval may be perforned in any

sui tabl e manner, including filtering the PPG signal (e.g., a
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hi gh-pass or band-pass filter) or identifying and renoving
(e.g., by subtracting) the DC conponent of the signal.
Al t hough a DC conponent of the PPG signal may be identified
for renoval in any suitable manner, in exenplary enbodinents
the DC conponent nmay be identified based on calculating an
average value of the PPG signal, a nean value of the PPG
signal or of individual pulses within a PPG signal, a median
value of the PPG signal or of individual pulses of the PPG
signal, or based on any other suitable mthematical or
statistical operations. In another exenplary enbodinent the
DC conponent of the signal may be identified by curve fitting
of any suitable order (e.g., a second order curve fit) . Once
a value associated with a DC conponent of the PPG signal is
cal cul ated, the DC conponent may be renmoved in any suitable,
such as subtracting the DC conponent from the entire PPG
signal (e.g., on a sanple by sanple basis) . A set of new
sanmples of the PPG signal may be generated based on DC
removal

At step 704, a window of data (buffer data) may be
established for determning respiration information from a
frequency nodul ation conponent of the PPG signal. Al t hough it
will be understood that any suitable w ndow of data may be
used, in an exenplary enbodinent the w ndow of data may
include 30 seconds of the new sanples of the PPG signal. The
resulting buffer data may be provided to a mixer (step 712)
and to estimate the frequency and phase of the pulsatile
(carrier) conmponent of the signal represented by the buffer
data at step 706. As will be described herein, steps 706 -
710 may result in a reference signal (e.g., a sine wave)
having the same frequency as the PPG signal (represented by
the buffer data) and a predeterm ned phase difference (e.g., a
90° lag) with the PPG signal (represented by the buffer data)
The reference signal may be mixed with the signal represented

by the buffer data by mxer 712. It will be understood that
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this exenplary frequency denodul ation technique may result in
novi ng the frequency nodul ation conponent of the PPG signal to
a baseband component of the PPG signal. It will also be
understood that any suitable frequency denodul ati on technique
may be used to nove the frequency nodul ati on component of the
PPG signal to a baseline conponent of the PPG signal, such as
phase |ocked |oop based techniques (e.g., based on an error
between the pulsatile carrier frequency and the PPG signal) , a
Foster-Seeley discrimnator, a ratio detector, or application-
specific integrated circuits.

At step 706, signal processing operations may be perfornmed
to identify a frequency and phase of the PPG signal, which may
generally correspond to the carrier component of the PPG
signal (e.g., the pulsatile conmponent of the PPG signal) .

Al 't hough the frequency and phase of the pulsatile carrier
conponent of the PPG signal may be identified in any suitable
manner, in an exenplary enbodinment a phase |ocked |oop may
extract the frequency and phase. The phase |ocked |oop may be
i mpl emented in any suitable manner, including as software,
hardware, or a conbination of hardware and software. The
resulting frequency information may be provided to generate a
reference signal at step 710, while the phase information nmay
be shifted based on a phase shift value at step 708.

At step 708 the phase determined at step 706 may be phase
shifted in a nmanner that allows the frequency nodul ation
conponent of the PPG signal to be denodulated from the
pul satile conponent of the PPG signal. Although the
determ ned phase from step 706 may be shifted in any suitable
manner, in an exenplary enbodinment the phase may be shifted to
have a lag of 90° from the phase of the PPG signal.

At step 710 a reference signal may be generated having a
frequency that corresponds to the pulsatile conponent of the
PPG signal (i.c.:r as determned at step 706) and a phase based

on the phase of the pulsatile conponent of the PPG signal and
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shifted as described herein (i.e., based on the phase shift of
step 708) . Although the reference signal may be any suitable
signal and may be generated in any suitable manner, in an
exenpl ary enbodi nent the reference signal may be a sinusoidal
signal that corresponds to the pulsatile component of the PPG
signal as described herein. In ot her enbodi ments, a signal
may be generated that generally matches the characteristics of
a typical PPG signal, such as waveform shape and duty cycle.
The reference signal may be generated in a manner such that
sanples of the reference signal correspond to the new sanples
generated in step 702. The reference signal may be generated
in any suitable manner, including with software (e.g.,
operating on mcroprocessor 48), hardware (e.g., an integrated
circuit and/or oscillator), or a conbination of software and
har dwar e.

At step 712 the reference signal may be mxed with the
buffer data to generate a processed PPG signal for noving a
frequency nodul ati on conponent of the PPG signal to a baseline
conponent of the PPG signal. Although the processed PPG
signal may be generated in any suitable manner, in an
exenpl ary enbodinent the buffer data and the reference signal
may be input to a m xer. It will be understood that mxing a
signal including a nmodulated signal at a carrier frequency
(e.g., the new sanples of the PPG signal) with a second signal
at the carrier frequency and having a shifted phase (e.g., the
reference signal) may denodul ate the frequency nodul ation
conponent of the PPG signal to a baseline conponent of the PPG
si gnal . The resulting mxed signal may be output as a buffer
of mixed sanples. As will be described herein, respiration
information may be nore readily identified by noving the
frequency nodul ation conponent of the PPG signal to the
basel i ne component of the PPG signal, for exanple, based on
identifying the frequency nodul ation conponent within an

expected range of respiration rates.
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At step 714 respiration information may be cal culated from
the buffer of m xed signal data. Based on the steps described
herein, the frequency nodul ation conponent of the PPG signal
may be identified wthin the buffer data and used to determ ne
respiration information. Al though it wll be understood that
respiration information may be determned from the frequency
nodul ati on conponent in any suitable manner, in an exenplary
enbodi nent the frequency nodul ation conponent may exhibit
periodic characteristics based on respiration rate. In an
exenpl ary enbodinent, a Hilbert transform may be performed on
the buffer data and the respiration rate may be identified
within a region of interest for respiration. I n anot her
exenpl ary enbodi nent, a Fourier transform may be perfornmed and
a frequency corresponding to the respiration rate may be
identified within a region of interest for respiration. I'n
anot her exenplary enbodi nent, described herein with respect to
FIG 8, a wavelet transform may be perforned on the data, a
sum scal ogram may be generated, and a scale associated wth
the respiration rate may be identified.

FIG 8 is a flow diagram showing illustrative steps for
determning respiration information from a scalogram in
accordance with sone enbodiments of the present disclosure.

Al though in an exenplary enbodinent the steps may be perforned
as depicted in FIG 8, it wll be understood that the order of
the steps may be nodified, steps may be omtted, or additional
steps may be added. Al though in an exenplary enbodi nent
respiration information may be determned by nonitor 14, it
will be understood that respiration information may be
determned by any suitable processing equipnment, such as a
renote conputer, docking station, nurse station, tablet
device, or smart phone. For exanple, nonitor 14 may generate
a processed PPG signal having an anplitude nodul ation
component of a PPG signal and/or a frequency nodul ation

conmponent of the PPG signal noved to a baseline conponent of
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the PPG signal. The resulting signal may be transmitted to a
renote conputer, and the renote conputer may determ ne
respiration information from the PPG signal. I n other

enbodi nents, sone of the operations depicted in FIG 8 may be
performed by nonitor 14 while other operations may be
performed by other processing equipnent.

At step 802 a scalogram may be generated from the
processed PPG signal. In one exenplary enbodiment, a wavel et
transform may be used to generate the scal ogram Al t hough a
nunber of wavelet paraneters may be utilized to derive
respiration information from the conbined autocorrelation
sequence, exenplary paranmeters are described bel ow An
exenpl ary wavel et transform nethod may be a continuous wavel et
transform and an exenplary wavelet may be a real Morlet
wavel et . Scal e paraneters may be selected in any manner that
captures respiration information. For exanple, a
characteristic frequency range may be selected based on a
range of frequency for respiration, such as .05Hz (3 breaths
per mnute) to 1.0z (60 breaths per mnute) .

At step 804, the scalogram may be summed across all
scal es. Al though the scal ogram may be summed in any suitable
manner, in an exenplary enbodi nent each summed scale val ue may
be calculated as a sunmmation of all of the scale values
associated with each scale. This process may be repeated for
all of the scales of the scalogram or for a subset of scales
that correspond to a range of interest for respiration
information .

At step 806, respiration information may be determ ned
based on the summed scal e val ues. In exenplary enbodinents, a
scale may be identified within a range of interest for
respiration based on a maxi num summed scale value, a
predeterm ned pattern of summed scale values (e.g., based on a
series of localized sumed scale values) , a set of enpirical

rules (e.g., based on expected respiration rate ranges,
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patient characteristics, etc.), or in any other suitable

manner . Once a scale is identified, respiration information
such as respiration rate may be calculated from the selected
scal e. In the exenplary enbodi ment described above the scales
may correspond to the characteristic frequency of the
correspondi ng wavelets, e.g., a characteristic frequency range
of .05Hz - 1.0Hz. Respiration information such as a
respiration rate may be determ ned based on where the scale
falls within the frequency range.

A nunber of exenplary techniques have been descri bed
herein for noving an anplitude nodul ation conponent of the PPG
signal to a baseline conponent of the PPG signal, noving a
frequency nodul ation conponent of the PPG signal to a baseline
component of the PPG signal, and calculating respiration
information from the anplitude nodul ation conponent and/or the
frequency nodul ati on conponent. It wll be understood that
any of these techniques may be conbined in any suitable manner
to determne respiration information. For exanple, both an
anpl i tude nodul ation conponent and a frequency nodul ation
component may be noved to a baseline conponent of a PPG
si gnal . In addition, nultiple techniques may be utilized to
denodul ate each of the anplitude nodul ati on conponent or
frequency nodul ati on conponents. Accordingly, nultiple
anpl i tude nodul ation conponents, nultiple frequency nodul ation
conmponents, or both, may be separately processed for
determnation of respiration information.

These nultiple nodulation conponents may be conbined in
any suitable manner to determne the respiration information.
Al though nmultiple nodulation conponents nmay be conbined in any
sui tabl e manner, in an exenplary enbodinent, a confidence
value may be calculated for each nodul ation conponent. A
confidence value may be calculated in any suitable manner, for

exanpl e, based on the periodicity or signal strength
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associated with each of the anplitude nodul ation conmponents or
frequency nodul ati on conponents.

The multiple nodul ation components may be conbined at any
suitable stage in the processing operations described herein.
In an exenplary enbodi nent, each nodul ati on conponent may be
scal ed based on its associated confidence value, and all of
the nodul ati on conponents may be conbined to generate a
conbi ned nodul ati on conponent. The respiration information
may be cal cul ated based on the conbined nodul ati on conponent.
In anot her exenplary enbodinment, the respiration information
may be determined for each of the nodul ati on conponents as
descri bed herein. The resulting respiration information
values (e.g., respiration rate values) may be scal ed based on
the associated confidence values, and a conbined respiration
informati on value may be calculated by conbining the scal ed
respiration information val ues.

The foregoing is nerely illustrative of the principles of
this disclosure and various nodifications may be nade by those
skilled in the art w thout departing from the scope of this
di scl osure. The above described enbodinents are presented for
purposes of illustration and not of limtation. The present
di scl osure also can take many fornms other than those
explicitly described herein. Accordingly, it is enphasized
that this disclosure is not limted to the explicitly
di scl osed nethods, systens, and apparatuses, but is intended
to include variations to and nodifications thereof, which are

within the spirit of the follow ng clains.
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VWat is clained is:

1. A nethod for determining respiration information for a
patient, the nethod conprising:

receiving a photopl et hysnograph (PPG signal that
includes a frequency nodul ation conponent caused at least in
part by respiration;

processing, wth processing equipnment, the PPG
signal to nove the frequency nodulation conponent into a
basel i ne component of the PPG signal to generate a processed
PPG signal; and

anal yzing, wth the processing equipment, the
processed PPG signal to determine the respiration information

based on the frequency nodulation conponent.

2. The nmethod of claim 1, wherein processing the PPG signal
conpri ses

identifying a frequency and phase associated wth a
pul satile component of the PPG signal;

establishing a phase shift;

generating a reference signal based on the
identified frequency, the identified phase, and the phase
shift; and

mxing the PPG signal with the reference signal.

3. The method of claim 2, wherein the frequency and phase
associated with the pulsatile conmponent of the PPG signal are

identified based on a phase |ocked | oop.

4. The method of claim 1, wherein analyzing the processed
PPG signal conprises:
identifying the frequency nodulation conponent based

on a frequency range associated wth respiration; and
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determining the respiration information based on the

identified frequency nodulation conponent.

5. The method of claim 1, wherein analyzing the processed
PPG signal conprises:
transforming the processed PPG signal based at |east
in part on a continuous wavelet transform to generate a
scal ogram
identifying for a particular tinme, a scale in the
scal ogram associated wth respiration information; and
determining the respiration information based at

least in part on the scale.

6. The method of claim 1, wherein analyzing the processed
PPG signal conmprises perforning a Fourier transform to
identify a frequency associated wth the frequency nodulation

conponent

7. The method of claim 1, wherein the respiration

information conprises a respiration rate.

8. A non-transitory conputer-readable storage medium for
use in determining respiration information for a patient, the
comput er-readabl e nedium having conmputer program instructions
recorded thereon for:

receiving a photopl et hysnograph (PPG signal that
includes an frequency nodul ation conponent caused at least in
part by respiration;

processing the PPG signal to nove the frequency
nmodul ati on conmponent into a baseline conponent of the PPG
signal to generate a processed PPG signal; and

anal yzing the processed PPG signal to determine the
respiration information based on the frequency nodulation

conponent
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9. The conputer-readable medium of claim s, wherein
processing the PPG signal conprises:

identifying a frequency and phase associated with a
pul satile conponent of the PPG signal;

establishing a phase shift;

generating a reference signal based on the
identified frequency, the identified phase, and the phase
shift; and

m xing the PPG signal with the reference signal.

10. The conputer-readable medium of claim 9, wherein the
frequency and phase associated wth the pulsatile conponent of

the PPG signal are identified based on a phase |ocked | oop.

11. The conputer-readable nmedium of claim s, wherein
anal yzing the processed PPG signal conprises:
identifying the frequency nodul ation conponent based
on a frequency range associated with respiration; and
determining the respiration information based on the

identified frequency nodul ation conponent.

12. The conputer-readable medium of claim s, wherein
anal yzing the processed PPG signal conprises:
transform ng the processed PPG signal based at | east
in part on a continuous wavelet transform to generate a
scal ogram
identifying for a particular tine, a scale in the
scal ogram associated wth respiration information; and
determning the respiration information based at

least in part on the scale.

13. The conputer-readable medium of claim s, wherein

anal yzing the processed PPG signal conprises performng a



10

15

20

25

30

WO 2014/124009 PCT/US2014/014875
38

Fourier transform to identify a frequency associated wth the

frequency nodul ation conponent.

14. A patient nonitoring system conprising processing
equi prrent  configured to:

recei ve a photopl et hysnmograph (PPG signal that
i ncludes an frequency nodul ation conponent caused at least in
part by respiration;

process the PPG signal to nove the frequency
nmodul ati on conmponent into a baseline conponent of the PPG
signal to generate a processed PPG signal; and

anal yze the processed PPG signal to determine the
respiration information based on the frequency nodulation

conponent

15. The patient nonitoring system of claim 14, wherein the
patient nonitoring system is configured to:

identify a frequency and phase associated with a
pul satile component of the PPG signal;

establish a phase shift;

generate a reference signal based on the identified
frequency, the identified phase, and the phase shift; and

mx the PPG signal with the reference signal to

generate the processed PPG signal.

16. The patient nonitoring system of claim 15 wherein
the frequency and phase associated with the pulsatile
component of the PPG signal are identified based on a phase

| ocked | oop.

17. The patient nonitoring system of claim 14, wherein the
patient nonitoring system is configured to:
identify the frequency nodulation conponent based on

a frequency range associated with respiration; and
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determne the respiration information based on the

identified frequency nodul ation conponent.

18. The patient nonitoring system of claim 14, wherein the
patient nonitoring system is configured to:
transform the processed PPG signal based at least in
part on a continuous wavelet transform to generate a
scal ogram
identify for a particular time, a scale in the
scal ogram associated wth respiration information; and
determne the respiration information based at | east

in part on the scale.

19. The patient nonitoring system of claim 14, wherein the
patient nonitoring system is configured to perform a Fourier
transform to identify a frequency associated with the

frequency nodul ati on conponent.

20. The patient nonitoring system of claim 14, wherein the

respiration information conprises a respiration rate.
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