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SYSTEMS AND METHODS FOR
DETERMINING RESPIRATION
INFORMATION FROM A
PHOTOPLETHYSMOGRAPH

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application is a continuation of U.S. patent
application Ser. No. 13/243,785, filed Sep. 23, 2011, which is
hereby incorporated by reference herein in its entirety.

SUMMARY

[0002] The present disclosure relates to physiological sig-
nal processing, and more particularly relates to extracting
respiratory information from a photoplethysmograph signal.
[0003] A patient monitoring system may be configured to
determine physiological information from a physiological
signal using a suitable combination of one or more reference
points in the physiological signal and one or more fiducial
points in the physiological signal. A reference point may be
determined by performing mathematical calculations on the
physiological signal to find minima, maxima, zeros or other
points of a physiological signal or signal derived thereof (¢.g.,
derivatives, integrals). A fiducial point may be used to calcu-
late physiological information, signal mettics, or other infor-
mation. The patient monitoring system may determine a ref-
erence point on a sampled physiological signal, and then
determine a fiducial point on the sampled physiological sig-
nal based at least in part on the reference point and based at
least in part on a time interval relative to the reference point.
For example, the patient monitoring system may select a set
of fiducial points located 210 milliseconds from a set of
respective local maxima of the first derivative of a photopl-
ethysmograph signal (e.g., maxima of the first derivative of
each pulse wave), and determine a respiration rate based on
the set of fiducial points. The time difference may be a pre-
determined value, or may depend on physiological informa-
tion such as an instantaneous pulse rate. The patient monitor-
ing system may create a fiducial signal based at least in part on
determined fiducial points, and may determine physiological
information based at least in part on the newly created signal.
[0004] Insome embodiments, a patient monitoring system
may locate two successive reference points corresponding to
two successive pulse waves of a sampled photoplethysmo-
graph signal. The patient monitoring system may then locate
amaximum value of the first derivative of the sampled signal
between the two successive reference points. Using the loca-
tion of the maximum value as a further reference point, the
patient monitoring system may select a fiducial point located
a particular time interval (or corresponding number of
samples) before or after the maximum value. Based on the
fiducial points, the patient monitoring system may determine
respiratory information such as, for example, a respiration
rate. In some embodiments, the fiducial point may be located
a predetermined time interval (or corresponding number of
samples) away from the maximum value. In some embodi-
ments, the particular time interval (or corresponding number
of samples) is based at least in part on physiological informa-
tion such as an average heart rate. For example, the particular
time interval (or corresponding number of samples) may be
10% of the pulse period of the averaged heart rate (i.e., about
100 milliseconds corresponding to a 60 BPM averaged heart
rate).
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BRIEF DESCRIPTION OF THE FIGURES

[0005] The above and other features of the present disclo-
sure, its nature and various advantages will be more apparent
upon consideration of the following detailed description,
taken in conjunction with the accompanying drawings in
which:

[0006] FIG. 1 shows an illustrative patient monitoring sys-
tem in accordance with some embodiments of the present
disclosure;

[0007] FIG. 2 is a block diagram of the illustrative patient
monitoring system of FIG. 1 coupled to a patient in accor-
dance with some embodiments of the present disclosure;
[0008] FIG. 3 shows a block diagram of an illustrative
signal processing system in accordance with some embodi-
ments of the present disclosure;

[0009] FIG. 4 shows an illustrative PPG signal that may be
analyzed in accordance with some embodiments of the
present disclosure;

[0010] FIG. 5 shows an illustrative signal that may be ana-
lyzed in accordance with some embodiments of the present
disclosure;

[0011] FIG. 6 shows the illustrative signal of FIG. 5 includ-
ing illustrative fiducial points in accordance with some
embodiments of the present disclosure;

[0012] FIG. 7 shows illustrative graphs depicting a PPG
signal from which fiducial points may be derived in accor-
dance with some embodiments of the present disclosure;
[0013] FIG. 8 shows illustrative graphs depicting a PPG
signal from which reference points and fiducial points may be
derived in accordance with some embodiments of the present
disclosure;

[0014] FIG. 9is flow diagram showing illustrative steps for
determining physiological information in accordance with
some embodiments of the present disclosure;

[0015] FIG. 10 is flow diagram showing illustrative steps
for determining respiration information in accordance with
some embodiments of the present disclosure;

[0016] FIG. 11 is flow diagram showing illustrative steps
for generating a fiducial signal from a physiological signal in
accordance with some embodiments of the present disclo-
sure;

[0017] FIG. 12 is flow diagram showing illustrative steps
for analyzing fiducial signals generated according to the steps
of, for example, FIG. 11 in accordance with some embodi-
ments of the present disclosure; and

[0018] FIG. 13 shows a chart of an illustrative comparison
for various fiducial point selections in accordance with some
embodiments of the present disclosure.

[0019] FIG. 14 shows an illustrative PPG signal having
morphology characteristics relating to respiration in accot-
dance with some embodiments of the present disclosure;
[0020] FIG. 15 illustrates an effect of respiration on a PPG
signal in accordance with some embodiments of the present
disclosure;

[0021] FIG. 16 shows an illustrative PPG signal, a first
derivative of the PPG signal, and a second derivative of the
PPG signal in accordance with some embodiments of the
present disclosure;

[0022] FIG. 17 shows an illustrative amplitude modulated
PPG signal in accordance with some embodiments of the
present disclosure;

[0023] FIG. 18 shows an illustrative baseline and amplitude
modulated PPG signal in accordance with some embodi-
ments of the present disclosure;
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[0024] FIG. 19 is flow diagram showing illustrative steps
for generating morphology metric signals from a PPG signal
in accordance with some embodiments of the present disclo-
sure;

[0025] FIG. 20 shows a series of graphs illustrating how a
down metric signal may be generated from a PPG signal in
accordance with some embodiments of the present disclo-
sure;

[0026] FIG. 21 is a flow diagram showing illustrative steps
for determining which portions of the analysis window
include useable data in accordance with some embodiment of
the present disclosure;

[0027] FIGS. 22A and 22B is a flow diagram showing
illustrative steps for generating respiration information uti-
lizing autocorrelation of morphology metric signals in accor-
dance with some embodiments of the present disclosure;
[0028] FIG. 23 depicts aspects of determining an illustra-
tive autocorrelation metric from an autocorrelation sequence
in accordance with some embodiments of the present disclo-
sure;

[0029] FIG. 24 is a flow diagram showing illustrative steps
for generating a scalogram from a combined autocorrelation
sequence in accordance with some embodiments of the
present disclosure;

[0030] FIG. 25 depicts cyclical padding of a combined
autocorrelation sequence in accordance with some embodi-
ments of the present disclosure;

[0031] FIG. 26 depicts convolution of a padded combined
autocorrelation sequence with a mother wavelet in accor-
dance with some embodiment of the present disclosure;
[0032] FIG. 27 is a flow diagram showing illustrative steps
for deriving respiration information from a sum scalogram
vector in accordance with some embodiments of the present
disclosure;

[0033] FIG. 28 is a flow diagram showing illustrative steps
for deriving respiration information from a combined auto-
correlation sequence in accordance with some embodiments
of the present disclosure;

[0034] FIG. 29 shows a graph illustrating analysis of a
combined autocorrelation sequence in accordance with some
embodiments of the present disclosure;

[0035] FIG. 30 shows a graph illustrating analysis of a
combined autocorrelation sequence having limited respira-
tion information in accordance with some embodiments of
the present disclosure; and

[0036] FIG. 31 shows a graph illustrating analysis of a
combined autocorrelation sequence having harmonics in
accordance with some embodiments of the present disclo-
sure.

DETAILED DESCRIPTION OF THE FIGURES

[0037] Thepresentdisclosure is directed towards determin-
ing respiration information from a physiological signal. A
patient monitoring system may receive one or more physi-
ological signals, such as a photoplethysmograph (PPG) sig-
nal generated by a pulse oximeter, from a sensor coupled to a
patient. The patient monitoring system may condition (e.g.,
amplify, filter, sample, digitize) physiological signals
received from the sensor, perform suitable mathematical cal-
culations on the conditioned signals to locate reference
points, and determine one or more fiducial points of the
conditioned signal.

[0038] Fiducial-defined portions may be determined based
on the fiducial points. In some embodiments, suitable math-
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ematical calculations may be performed on the fiducial
defined portions of the physiological signal to obtain one or
more morphology metrics, such as a down metric, a kurtosis
metric, and a delta of second derivative (DSD) metric. An
interpolated signal may be generated for each of the morphol-
ogy metrics to generate a down metric signal, a kurtosis
metric signal, and a DSD metric signal.

[0039] An autocorrelation may be performed on each mor-
phology metric signal to generate one or more autocorrelation
sequences, e.2., to indicate the regularity or periodicity of the
morphology metric signals. The autocorrelation sequerices
may be combined based on the autocorrelation metrics to
generate a combined autocorrelation sequence.

[0040] The autocorrelation sequence may be used to deter-
mine respiration information such as respiration rate. In one
exemplary embodiment the respiration information may be
determined from the autocorrelation sequence. In another
exemplary embodiment a wavelet transform may be utilized
to determine the respiration information. The system may
perform a convolution of a signal to be analyzed and a mother
wavelet, based on scaling parameters such as a scale resolu-
tion and number of scales. A scalogram may be generated
based on the mother wavelet, and a threshold may be calcu-
lated for the scalogram. Scales meeting the threshold may be
candidate scales for determining respiration information. The
respiration information may be determined from a selected
scale of the candidate scales based on the wavelet character-
istic frequency corresponding to the selected scale.

[0041] An oximeter is amedical device that may determine
the oxygen saturation of the blood. One common type of
oximeter is a pulse oximeter, which may indirectly measure
the oxygen saturation of a patient’s blood (as opposed to
measuring oxygen saturation directly by analyzing a blood
sample taken from the patient). Pulse oximeters may be
included in patient monitoring systems that measure and dis-
play various blood flow characteristics including, but not
limited to, the oxygen saturation of hemoglobin in arterial
blood. Such patient monitoring systems may also measure
and display additional physiological parameters, such as a
patient’s pulse rate.

[0042] An oximeter may include a light sensor that is
placed ata site on a patient, typically a fingertip, toe, forehead
or earlobe, or in the case of a neonate, across a foot. The
oximeter 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 understood to be optimal for pulse oximetry serve as
suitable sensor locations for the monitoring processes
described herein, including any location on the body that has
a strong pulsatile arterial flow. For example, additional suit-
able sensor locations include, without limitation, the neck to
monitor carotid artery pulsatile flow, the wrist to monitor
radial artery pulsatile flow, the inside of a patient’s thigh to
monitor femoral artery pulsatile flow, the ankle to monitor
tibial artery pulsatile flow, and around or in front of the ear.
Suitable sensors for these locations may include sensors for
sensing absorbed light based on detecting reflected light. In
all suitable locations, for example, the oximeter may measure
the intensity of light that is received at the light sensor as a
function of time. The oximeter may also include sensors at
multiple locations. A signal representing light intensity ver-
sus time or a mathematical manipulation of this signal (e.g., a
scaled version thereof, a log taken thereof, a scaled version of
a log taken thereof, etc.) may be referred to as the photopl-
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ethysmograph (PPG) signal. In addition, the term “PPG sig-
nal,” as used herein, may also refer to an absorption signal
(i.e., representing the amount of light absorbed by the tissue)
or any suitable mathematical manipulation thereof. The light
intensity or the amount of light absorbed may then be used to
calculate any of a number of physiological parameters,
including an amount of a blood constituent (e.g., oxyhemo-
globin) being measured as well as a pulse rate and when each
individual pulse occurs.

[0043] In some applications, the light passed through the
tissue is selected to be of one or more wavelengths that are
absorbed by the blood in an amount representative of the
amount of the blood constituent present in the blood. The
amount oflight passed through the tissue varies in accordance
with the changing amount of blood constituent in the tissue
and the related light absorption. Red and infrared (IR) wave-
lengths may be used because it has been observed that highly
oxygenated blood will absorb relatively less Red light and
more IR light than blood with a lower oxygen saturation. By
comparing the intensities of two wavelengths at different
points in the pulse cycle, it is possible to estimate the blood
oxygen saturation of hemoglobin in arterial blood.

[0044] When the measured blood parameter is the oxygen
saturation of hemoglobin, a convenient starting point
assumes a saturation calculation based at least in part on
Lambert-Beer’s law. The following notation will be used
herein:

1)=To(Wexp(=(sPo(M+(1-5)B,(MUD) oy

where:

A=wavelength;

t=time;

I=intensity of light detected;

I=intensity of light transmitted;

s=oxygen saturation;

P, P,=empirically derived absorption coefficients; and
I(t)=a combination of concentration and path length from
emitter to detector as a function of time.

[0045] The traditional approach measures light absorption
at two wavelengths (e.g.. Red and IR), and then calculates
saturation by solving for the “ratio of ratios™ as follows.

1. The natural logarithm of Eq. 1 is taken (“log” will be used
to represent the natural logarithm) for IR and Red to yield

log Ilog (5P, +(1-5)p, . @

2. Eq. 2 is then differentiated with respect to time to yield

dlogl B

| dl A
' =—(sB, +( _S),Br)E-

3. Eq.3, evaluated at the Red wavelength A5, is divided by Eq.
3 evaluated at the IR wavelength A in accordance with

dloglAp)/di sf,(Ap) + (1 -5)B(Ag) &)
dlogl(Ar)jdr ~ sB,(Lr) + (1 = )B4 )’

4. Solving for s yields
dlogl(Ar) |
di :Br\AR) - dr

dlogl (A
°j’; % )~ ) —

dlogl(Ap)
dr

dlogl(A 5
ogi( R)ﬁr(/\m) ®

(Boldr) = BrAg))
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5. Note that, in discrete time, the following approximation
can be made:

dlog;i/\, 0. logl(A, 1) - logl(A, 1,). ©)

6. Rewriting Eq. 6 by observing that log A-log B=log(A/B)
yields

dlogiL ) _ (1(12,1)) 0]
a8/

7. Thus, Eq. 4 can be expressed as

dlogldg) | (1(11, AR)) ®)
dt 11, Ag)

dlogl(Ag) log(l(h,/\ue))
di It2, Arp)

where R represents the “ratio of ratios.”
8. Solving Eq. 4 for s using the relationship of Eq. 5 yields

oo BrAr) = RBAr) ©)
R(Bodir) = BrlAir)) = BoAg) + BrAg)”

9.From Eq. 8, R can be calculated using two points (e.g., PPG
maximum and minimum), or a family of points. One method
applies a family of points to a modified version of Eq. 8. Using
the relationship

di (10)
dlogl g
dr 1

Eq. 8 becomes

dlogiAg) 1, Ag) —1(11, AR) (1D
dr 11y, Ag)

dlogl(Ag) — g, Ag) = It Aig)
dt I(t), Ajp)

[H{tz, AR) — (11, AR) (21, Asg)
(2, Ag) = 12, AR)]1(t1, Ag)
R,

which defines a cluster of points whose slope of y versus x
will give R when

x= Iy, hp) =1t M) U1, hg), (12)
and
Y=t )~ M) (1, hg).- (13)

Once R is determined or estimated, for example, using the
techniques described above, the blood oxygen saturation can
be determined or estimated using any suitable technique for
relating a blood oxygen saturation value to R. For example,
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blood oxygen saturation can be determined from empirical
data that may be indexed by values of R, and/or it may be
determined from curve fitting and/or other interpolative tech-
niques.

[0046] FIG. 11is a perspective view of an embodiment of a
patient monitoring system 10. System 10 may include sensor
unit 12 and monitor 14. In some embodiments, sensor unit 12
may be part of an oximeter. Sensor unit 12 may include an
emitter 16 for emitting light at one or more wavelengths into
a patient’s tissue. A detector 18 may also be provided in
sensor unit 12 for detecting the light originally from emitter
16 that emanates from the patient’s tissue after passing
through the tissue. Any suitable physical configuration of
emitter 16 and detector 18 may be used. In an embodiment,
sensor unit 12 may include multiple emitters and/or detectors,
which may be spaced apart. System 10 may also include one
or more additional sensor units (not shown) that may take the
form of any of the embodiments described herein with refer-
ence to sensor unit 12. An additional sensor unit may be the
same type of sensor unit as sensor unit 12, or adifferent 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 example, a first sensor unit may be posi-
tioned on a patient’s forehead, while a second sensor unit may
be positioned at a patient’s fingertip.

[0047] Sensor units may each detect any signal that carries
information about a patient’s physiological state, such as an
electrocardiograph signal, arterial line measurements, or the
pulsatile force exerted on the walls of an artery using, for
example, oscillometric methods with a piezoelectric trans-
ducer. According to another embodiment, system 10 may
include two or more sensors forming a sensor array in lieu of
either or both of the sensor units. Each of the sensors of a
sensor array may be a complementary metal oxide semicon-
ductor (CMOS) sensor. Alternatively, each sensor of an array
may be charged coupled device (CCD) sensor. In some
embodiments, a sensor array may be made up of a combina-
tion of CMOS and CCD sensors. The CCD sensor may com-
prise a photoactive region and a transmission region for
receiving and transmitting data whereas the CMOS sensor
may be made up of an integrated circuit having an array of
pixel sensors. Each pixel may have a photodetector and an
active amplifier. It will be understood that any type of sensor,
including any type of physiological sensor, may be used in
one or more sensor units in accordance with the systems and
techniques disclosed herein. It is understood that any number
of sensors measuring any number of physiological signals
may be used to determine physiological information in accor-
dance with the techniques described herein.

[0048] In some embodiments, emitter 16 and detector 18
may be on opposite sides of a digit such as a finger or toe, in
which case the light that is emanating from the tissue has
passed completely through the digit. In some embodiments,
emitter 16 and detector 18 may be arranged so that light from
emitter 16 penetrates the tissue and is reflected by the tissue
into detector 18, such as in a sensor designed to obtain pulse
oximetry data from a patient’s forehead.

[0049] In some embodiments, sensor unit 12 may be con-
nected to and draw its power from monitor 14 as shown. In
another embodiment, the sensor may be wirelessly connected
to monitor 14 and include its own battery or similar power
supply (not shown). Monitor 14 may be configured to calcu-
late physiological parameters (e.g., pulse rate, blood oxygen
saturation, and respiration information) based at least in part
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on data relating to light emission and detection received from
one or more sensor units such as sensor unit 12 and an addi-
tional sensor (not shown). In some embodiments, the calcu-
lations may be performed on the sensor units or an interme-
diate device and the result of the calculations may be passed
to monitor 14. Further, monitor 14 may include a display 20
configured to display the physiological parameters or other
information about the system. In the embodiment shown,
monitor 14 may also include a speaker 22 to provide an
audible sound that may be used in various other embodi-
ments, such as for example, sounding an audible alarm in the
event that a patient’s physiological parameters are not within
apredefined normal range. In some embodiments, the system
10 includes a stand-alone monitor in communication with the
monitor 14 via a cable or a wireless network link.

[0050] Insome embodiments, sensor unit 12 may be com-
municatively coupled to monitor 14 via a cable 24. In some
embodiments, a wireless transmission 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 unit 12, or otherwise communi-
cate with sensor unit 12. The sensor interface may include any
suitable hardware, software, or both, which may be allow
commuuication between monitor 14 and sensor unit 12.

[0051] Patient monitoring system 10 may also include dis-
play monitor 26. Monitor 14 may be in communication with
display monitor26. Display monitor 26 may be any electronic
device that is capable of communicating with monitor 14 and
calculating and/or displaying physiological parameters, e.g,,
a general purpose computer, tablet computer, smart phone, or
an application-specific device. Display monitor 26 may
include a display 28 and user interface 30. Display 28 may
include touch screen functionality to allow a user to interface
with display monitor 26 by touching display 28 and utilizing
motions. User interface 30 may be any interface that allows a
user to interact with display monitor 26, e.g., a keyboard, one
or more buttons, a camera, or a touchpad.

[0052] Monitor 14 and display monitor 26 may communi-
cate utilizing any suitable transmission medium, including
wireless (e.g., WiFi, Bluetooth, etc.), wired (e.g., USB, Eth-
ernet, etc.), or application-specific connections. In an exem-
plary embodiment, monitor 14 and display monitor 26 may be
connected via cable 32. Monitor 14 and display monitor 26
may communicate utilizing standard or proprietary commu-
nications protocols, such as the Standard Host Interface Pro-
tocol (SHIP) developed by the assignee. In addition, monitor
14, display monitor 26, or both may be coupled to a network
to enable the sharing of information with servers or other
workstations (not shown). Monitor 14, display monitor 26, or
both may be powered by a battery (not shown) or by a con-
ventional power source such as a wall outlet.

[0053] Monitor 14 may transmit calculated physiological
parameters (e.g., pulse rate, blood oxygen saturation, and
respiration information) to display monitor 26. In some
embodiments, monitor 14 may transmit a PPG signal, data
representing a PPG signal, or both to display monitor 26, such
that some or all calculated physiological parameters (e.g.,
pulse rate, blood oxygen saturation, and respiration informa-
tion) may be calculated at display monitor 26. In an exem-
plary embodiment, monitor 14 may calculate pulse rate and
blood oxygen saturation, while display monitor 26 may cal-
culate respiration information such as a respiration rate.
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[0054] FIG. 2 is a block diagram of a patient monitoring
system, such as patient monitoring system 10 of FIG. 1,
which may be coupled to a patient 40 in accordance with an
embodiment. Certain illustrative components of sensor unit
12 and monitor 14 are illustrated in FIG. 2.

[0055] Sensor unit 12 may include emitter 16, detector 18,
and encoder 42. In the embodiment shown, emitter 16 may be
configured to emit at least two wavelengths of light (e.g., Red
and IR) into a patient’s tissue 40. Hence, emitter 16 may
include a Red light emitting light source such as Red light
emitting diode (LED) 44 and an IR light emitting light source
such as IR LED 46 for emitting light into the patient’s tissue
40 at the wavelengths used to calculate the patient’s physi-
ological parameters. In some embodiments, the Red wave-
length may be between about 600 nm and about 700 nm, and
the IR wavelength may be between about 800 nm and about
1000 nm. In embodiments where a sensor array is used in
place of a single sensor, each sensor may be configured to
emit a single wavelength. For example, a first sensor may emit
only a Red light while a second sensor may emit only an IR
light. In a further example, the wavelengths of light used may
be selected based on the specific location of the sensor.
[0056] It will be understood that, as used herein, the term
“light” may refer to energy produced by radiation sources and
may include one or more of radio, microwave, millimeter
wave, infrared, visible, ultraviolet, gamma ray or X-ray elec-
tromagnetic radiation. As used herein, light may also include
electromagnetic radiation having any wavelength within the
radio, microwave, infrared, visible, ultraviolet, or X-ray spec-
tra, and that any suitable wavelength of electromagnetic
radiation may be appropriate for use with the present tech-
niques. Detector 18 may be chosen to be specifically sensitive
to the chosen targeted energy spectrum of the emitter 16.
[0057] In some embodiments, detector 18 may be config-
ured to detect the intensity of light at the Red and IR wave-
lengths. Alternatively, each sensor in the array may be con-
figured to detect an intensity of a single wavelength. In
operation, light may enter detector 18 after passing through
the patient’s tissue 40. Detector 18 may convert the intensity
of the received light into an electrical signal. The light inten-
sity is directly related to the absorbance and/or reflectance of
light in the tissue 40. That is, when more light at a certain
wavelength is absorbed or reflected, less light of that wave-
length is received from the tissue by the detector 18. After
converting the received light to an electrical signal, detector
18 may send the signal to monitor 14, where physiological
parameters may be calculated based on the absorption of the
Red and IR wavelengths in the patient’s tissue 40.

[0058] In some embodiments, encoder 42 may contain
information about sensor unit 12, such as what type of sensor
it is (e.g., whether the sensor is intended for placement on a
forehead or digit) and the wavelengths of light emitted by
emitter 16. This information may be used by monitor 14 to
select appropriate algorithms, lookup tables and/or calibra-
tion coefficients stored in monitor 14 for calculating the
patient’s physiological parameters.

[0059] Encoder 42 may contain information specific to
patient 40, such as, for example, the patient’s age, weight, and
diagnosis. This information about a patient’s characteristics
may allow monitor 14 to determine, for example, patient-
specific threshold ranges in which the patient’s physiological
parameter measurements should fall and to enable or disable
additional physiological parameter algorithms. This informa-
tion may also be used to select and provide coeflicients for
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equations from which measurements may be determined
based at leastin part on the signal or signals received at sensor
unit 12. For example, some pulse oximetry sensors rely on
equations to relate an area under a portion of a PPG signal
corresponding to a physiological pulse to determine blood
pressure. These equations may contain coefficients that
depend upon a patient’s physiological characteristics as
storedin encoder 42. Encoder 42 may, for instance, be acoded
resistor that stores values corresponding to the type of sensor
unit 12 or the type of each sensor in the sensor array, the
wavelengths of light emitted by emitter 16 on each sensor of
the sensor array, and/or the patient’s characteristics. In some
embodiments, encoder 42 may include a memory on which
one or more of the following information may be stored for
communication to monitor 14: the type of the sensor unit 12;
the wavelengths of light emitted by emitter 16; the particular
wavelength each sensor in the sensor array is monitoring; a
signal threshold for each sensor in the sensor array; any other
suitable information; or any combination thereof.

[0060] Insome embodiments, signals from detector 18 and
encoder 42 may be transmitted to monitor 14. In the embodi-
ment shown, monitor 14 may include a general-purpose
microprocessor 48 connected to an internal bus 50. Micro-
processor 48 may be adapted to execute software, which may
include an operating system and one or more applications, as
part of performing the functions described herein. Also con-
nected to bus 50 may be a read-only memory (ROM) 52, a
random access memory (RAM) 54, user inputs 56, display 20,
data output 84, and speaker 22.

[0061] RAM 54 and ROM 52 are illustrated by way of
example, and not limitation. Any suitable computer-readable
media may be used in the system for data storage. Computer-
readable media are capable of storing information that can be
interpreted by microprocessor 48. This information may be
data or may take the form of computer-executable instruc-
tions, such as software applications, that cause the micropro-
cessor to perform certain functions and/or computer-imple-
mented methods. Depending on the embodiment, such
computer-readable media may include computer storage
media and communication media. Computer storage media
may include volatile and non-volatile, removable and non-
removable media implemented in any method or technology
for storage of information such as computer-readable instruc-
tions, data structures, program modules or other data. Com-
puter storage media may include, but is not limited to, RAM,
ROM, EPROM, EEPROM, flash memory or other solid state
memory technology, CD-ROM, DVD, or other optical stor-
age, magnetic cassettes, magnetic tape, magnetic disk storage
or other magnetic storage devices, or any other medium that
can be used to store the desired information and that can be
accessed by components of the system.

[0062] In the embodiment shown, a time processing unit
(TPU) 58 may provide timing control signals to light drive
circuitry 60, which may control when emitter 16 is illumi-
nated and multiplexed timing for Red LED 44 and IR LED 46.
TPU 58 may also control the gating-in of signals from detec-
tor 18 through amplifier 62 and switching circuit 64. These
signals are sampled at the proper time, depending upon which
light source is illuminated. The received signal from detector
18 may be passed through amplifier 66, low pass filter 68, and
analog-to-digital converter 70. The digital data may then be
stored in a queued serial module (QSM) 72 (or buffer) for
later downloading to RAM 54 as QSM 72 is filled. In some
embodiments, there may be multiple separate parallel paths
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having components equivalent to amplifier 66, filter 68, and/
or A/D converter 70 for multiple light wavelengths or spectra
received. Any suitable combination of components (e.g.,
microprocessor 48, RAM 54, analog to digital converter 70,
any other suitable component 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 equipment.”

[0063] In some embodiments, microprocessor 48 may
determine the patient’s physiological parameters, such as
SpO., pulse rate, and/or respiration information, using vari-
ous algorithms and/or look-up tables based on the value of the
received signals and/or data corresponding to the light
received by detector 18. Signals corresponding to informa-
tion about patient 40, and particularly about the intensity of
light emanating from a patient’s tissue over time, may be
transmitted from encoder 42 to decoder 74. These signals
may include, for example, encoded information relating to
patient characteristics. Decoder 74 may translate these sig-
nals to enable the microprocessor to determine the thresholds
based at least in part on algorithms or look-up tables stored in
ROM 52. In some embodiments, user inputs 56 may be used
to enter information, select one or more options, provide a
response, input settings, any other suitable inputting function,
or any combination thereof. User inputs 56 may be used to
enter information about the patient, such as age, weight,
height, diagnosis, medications, treatments, and so forth. In
some embodiments, display 20 may exhibit a list of values,
which may generally apply to the patient, such as, for
example, age ranges or medication families, which the user
may select using user inputs 56.

[0064] Calibration device 80, which may be powered by
monitor 14 via a communicative coupling 82, a battery, or by
a conventional power source such as a wall outlet, may
include any suitable signal calibration device. Calibration
device 80 may be communicatively coupled to monitor 14 via
communicative coupling 82, and/or may communicate wire-
lessly (not shown). In some embodiments, calibration device
80 is completely integrated within monitor 14. In some
embodiments, calibration device 80 may include a manual
input device (not shown) used by an operator to manually
input reference signal measurements obtained from some
other source (e.g., an external invasive or non-invasive physi-
ological measurement system).

[0065] Data output 84 may provide for communications
with other devices such as display monitor 26 utilizing any
suitable transmission medium, including wireless (e.g., WiFi,
Bluetooth, etc.), wired (e.g., USB, Ethernet, etc.), or applica-
tion-specific connections. Data output 84 may receive mes-
sages to be transmitted from microprocessor 48 via bus 50.
Exemplary messages to be sent in an embodiment described
herein may include PPG signals to be transmitted to display
monitor module 26.

[0066] The optical signal attenuated by the tissue of patient
40 can be degraded by noise, among other sources. One
source of noise is ambient light that reaches the light detector.
Another source of noise is electromagnetic coupling from
other electronic instruments. Movement of the patient also
introduces noise and affects the signal. For example, the
contact between the detector and the skin, or the emitter and
the skin, can be temporarily disrupted when movement
causes either to move away from the skin. Also, because
blood is a fluid, it responds differently than the surrounding
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tissue to inertial effects, which may result in momentary
changes in volume at the point to which the oximeter probe is
attached.

[0067] Noise (e.g., from patient movement) can degrade a
sensor signal relied upon by a care provider, without the care
provider’s awareness. This is especially true if the monitoring
of the patient is remote, the motion is too small 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) may involve operations that reduce
the amount of noise present in the signals, control the amount
of noise present in the signal, or otherwise identify noise
components in order to prevent them from affecting measure-
ments of physiological parameters derived from the sensor
signals.

[0068] FIG. 3 is an illustrative processing system 300 in
accordance with an embodiment that may implement the
signal processing techniques described herein. In some
embodiments, processing system 300 may be included in a
patient monitoring system (e.g., patient monitoring system 10
of FIGS. 1-2). Processing system 300 may include input
signal 310, pre-processor 312, processor 314, post-processor
316, and output 318. Pre-processor 312, processor 314, and
post-processor 316 may be any suitable software, firmware,
hardware, or combination thereof for calculating physiologi-
cal parameters such as respiration information based on input
signal 310. For example, pre-processor 312, processor 314,
and post-processor 316 may include one or more hardware
processors (e.g., integrated circuits), one or more software
modules, computer-readable media such as memory, firm-
ware, or any combination thereof. Pre-processor 312, proces-
sor 314, and post-processor 316 may, for example, be a com-
puter or may be one or more chips (i.e., integrated circuits).
Pre-processor 312, processor 314, and post-processor 316
may, for example, include an assembly of analog electronic
components.

[0069] In some embodiments, processing system 300 may
be included in monitor 14 and/or display monitor 26 of a
patient monitoring system (e.g., patient monitoring system 10
of FIGS. 1-2). In the illustrated embodiment, input signal 310
may be a PPG signal. Input signal 310 may be a PPG signal
that was sampled and generated at monitor 14, for example at
76 Hz. Input signal 310, pre-processor 312, processor 314,
and post-processor 316 may reside entirely within a single
device (e.g., monitor 14 or display monitor 26) or may reside
in multiple devices (e.g., monitor 14 and display monitor 26).
[0070] Input signal 310 may be coupled to pre-processor
312. In some embodiments, input signal 310 may include
PPG signals corresponding to one or more light frequencies,
such as a Red PPG signal and an IR PPG signal. In some
embodiments, the signal may include signals measured at one
or more sites on a patient’s body, for example, a patient’s
finger, toe, ear, arm, or any other body site. In some embodi-
ments, signal 310 may include multiple types of signals (e.g.,
one or more of an ECG signal, an EEG signal, an acoustic
signal, an optical signal, a signal representing a blood pres-
sure, and a signal representing a heart rate). The signal may be
any suitable biosignal or signals, such as, for example, elec-
trocardiogram, electroencephalogram, electrogastrogram,
electromyogram, heart rate signals, pathological sounds,
ultrasound, or any other suitable biosignal. The systems and
techniques described herein are also applicable to any
dynamic signals, non-destructive testing signals, condition
monitoring signals, fluid signals, geophysical signals, astro-
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nomical signals, electrical signals, financial signals including
financial indices, sound and speech signals, chemical signals,
meteorological signals including climate signals, any other
suitable signal, and/or any combination thereof.

[0071] Pre-processor 312 may be implemented by any suit-
able combination of hardware and software. In an embodi-
ment, pre-processor 312 may be any suitable signal process-
ing device and the signal received from input signal 310 may
include one or more PPG signals. An exemplary received
PPG signal may be received in a streaming fashion, or may be
received on a periodic basis as a sampling window, e.g., every
5 seconds. The received signal may include the PPG signal as
well as other information related to the PPG signal, e.g., a
pulse found indicator, the mean pulse rate from the PPG
signal, the most recent pulse rate, an indicator for the most
recent invalid sample, and an indicator of the last artifact for
the PPG signal. It will be understood that input signal 310
may include any suitable signal source, signal generating
data, signal generating equipment, or any combination
thereof to be provided to pre-processor 312. The signal
received at input signal 310 may be a single signal, or may be
multiple signals transmitted over a single pathway or multiple
pathways.

[0072] Pre-processor 312 may apply one or more signal
processing operations to input signal 310. For example, pre-
processor 312 may apply a pre-determined set of processing
operations to input signal 310 to produce a signal that may be
appropriately analyzed and interpreted by processor 314,
post-processor 316, or both. Pre-processor 312 may perform
any necessary operations to provide a signal that may be used
as an input for processor 314 and post-processor 316 to deter-
mine physiological information such as respiration informa-
tion. BExamples include reshaping the signal for transmission,
multiplexing the signal, modulating the signal onto carrier
signals, compressing the signal, encoding the signal, filtering
the signal, low-pass filtering, band-pass filtering, signal inter-
polation, downsampling of a signal, attenuating the signal,
adaptive filtering, closed-loop filtering, any other suitable
filtering, and/or any combination thereof.

[0073] Other signal processing operations may be per-
formed by pre-processor 312 for each pulse and may be
related to producing morphology metrics suitable as inputs to
determine physiological information. Pre-processor 312 may
perform calculations based on an analysis window of a series
of recently received PPG signal sampling windows, e.g., a
45-second analysis window may correspond to the 9 most
recent 5-second sampling windows. The physiological infor-
mation may be respiration information, which may include
any information relating to respiration, e.g., respiration rate,
change in respiration rate, breathing intensity, etc. Because
respiration has an impact on pulse characteristics, it may be
possible to determine respiration information from a PPG
signal. Morphology metrics may be parameters that may be
calculated from the PPG signal that provide information
related to respiration. Examples include a down metric for a
pulse, kurtosis for a pulse, the delta of the second derivative
between consecutive pulses, the up metric for a pulse, skew,
b/a ratio, c/a ratio, peak amplitude of apulse, center of gravity
of a pulse, or area of a pulse, as described in more detail
herein. Other information that may be determined by pre-
processor 312 may include the pulse rate, the variability of the
period of the PPG signal, the variability of the amplitude of
the PPG signal, and an age measurement indicative of the age
of the useful portion of the analyzed PPG signal.
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[0074] In some embodiments, pre-processor 312 may be
coupled to processor 314 and post-processor 316. Processor
314 and post-processor 316 may be implemented by any
suitable combination of hardware and software. Processor
314 may receive physiological information and calculated
parameters from pre-processor 312. For example, processor
may receive morphology metrics for use in calculating mor-
phology metric signals that may be used to determine respi-
ration information, as well as pulse rate and an age for the
morphology metric signals. For example, processor 314 may
receive samples representing a number of morphology metric
values, such as down metric calculations, kurtosis metric
calculations, and delta of the second derivative (DSD) metric
calculations from pre-processor 312. Processor 314 may uti-
lize the received morphology metric values to calculate mor-
phology metric signals and then to calculate respiration infor-
mation signals and values from the morphology metric
signals. Processor 314 may be coupled to post-processor 316
and may communicate respiration information to post-pro-
cessor 316. Processor 314 may also provide other information
to post-processor 316 such as the signal age related to the
signal used to calculate the respiration information, and a
time ratio representative of the useful portion of the respira-
tion information signal. Pre-processor 312 may also provide
information to post-processor 316 such as period variability,
amplitude variability, and pulse rate information. Post-pro-
cessor 316 may utilize the received information to calculate
an output respiration information, as well as other informa-
tion such as the age of the respiration information and status
information relating to the respiration information output,
e.g., whether a valid output respiration information value is
currently available. Post-processor 316 may provide the out-
put information to output 318.

[0075] Output 318 may be any suitable output device such
as one or more medical devices (e.g., a medical monitor that
displays various physiological parameters, a medical alarm,
or any other suitable medical device that either displays
physiological parameters or uses the output of post-processor
316 as an input), one or more display devices (e.g., monitor,
PDA, mobile phone, any other suitable display device, or any
combination thereof), one or more audio devices, one or more
memory devices (e.g., hard disk drive, flash memory, RAM,
optical disk, any other suitable memory device, or any com-
bination thereof), one or more printing devices, any other
suitable output device, or any combination thereof.

[0076] Insome embodiments, all or some of pre-processor
312, processor 314, and/or post-processor 316 may be
referred to collectively as processing equipment. For
example, processing equipment may be configured to
amplify, filter, sample and digitize an input signal 310 and
calculate physiological information from the signal.

[0077] Pre-processor 312, processor 314, and post-proces-
sor 316 may be coupled to one or more memory devices (not
shown) or incorporate one or more memory devices such as
any suitable volatile memory device (e.g., RAM, registers,
etc.), non-volatile memory device (e.g., ROM, EPROM, mag-
netic storage device, optical storage device, flash memory,
etc.), or both. The memory may be used by pre-processor 312,
processor 314, and post-processor 316 to, for example, store
data relating to input PPG signals, morphology metrics, res-
piration information, or other information corresponding to
physiological monitoring.

[0078] Itwill be understood that system 300 may be incor-
porated into system 10 (FIGS. 1 and 2) in which, for example,
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input signal 310 may be generated by sensor unit 12 (FIGS. 1
and 2) and monitor 14 (FIGS. 1 and 2). Pre-processor 312,
processor 314, and post-processor 316 may each be located in
one of monitor 14 or display monitor 26 (or other devices),
and may be split among multiple devices such as monitor 14
or display monitor 26. In some embodiments, portions of
system 300 may be configured to be portable. For example, all
or part of system 300 may be embedded in a small, compact
object carried with or attached to the patient (e.g., a watch,
other piece of jewelry, or a smart phone). In some embodi-
ments, a wireless transceiver (not shown) may also be
included in system 300 to enable wireless communication
with other components of system 10 (FIGS. 1 and 2). As such,
system 10 (FIGS. 1 and 2) may be part of a fully portable and
continuous patient monitoring solution. In some embodi-
ments, a wireless transceiver (not shown) may also be
included in system 300 to enable wireless communication
with other components of system 10. For example, commu-
nications between one or more of pre-processor 312, proces-
sor 314, and post-processor 316 may be over BLUETOOTH,
802.11, WiFi, WiMax, cable, satellite, Infrared, or any other
suitable transmission scheme. In some embodiments, a wire-
less transmission scheme may be used between any commu-
nicating components of system 300.

[0079] Pre-processor 312 may determine the locations of
pulses within a periodic signal (e.g., a PPG signal) using a
pulse detection technique. For ease of illustration, the follow-
ing pulse detection techniques will be described as performed
by pre-processor 312, but any suitable processing device may
be used to implement any of the techniques described herein.

[0080] An illustrative PPG signal 400 is depicted in FIG. 4.
Pre-processor 312 may receive PPG signal 400 from input
signal 310, and may identify reference points such as local
minimum point 410, local maximum point 412, local mini-
mum point 420, local maximum point 422, and local mini-
mum point 430 in the PPG signal 400. Processor 312 may pair
each local minimum point with an adjacent maximum point.
For example, processor 312 may pair points 410 and 412 to
identify one segment, points 412 and 420 to identify a second
segment, points 420 and 422 to identify a third segment and
points 422 and 430 to identify a fourth segment. The slope of
each segment may be measured to determine whether the
segment corresponds to an upstroke portion of the pulse (e.g.,
a positive slope) or a downstroke portion of the pulse (e.g., a
negative slope) portion of the pulse. A pulse may be defined as
a combination of at least one upstroke and one downstroke.
For example, the segment identified by points 410 and 412
and the segment identified by points 412 and 430 may define
a pulse. Any suitable points (e.g.. maxima, minima, zeros) or
features (e.g., pulse waves, notches, upstrokes) of a physi-
ological signal may be identified by processor 312 as refer-
ence points.

[0081] PPGsignal 400 may include a dichrotic notch 450 or
other notches (not shown) in different sections of the pulse
(e.g., at the beginning (referred to as an ankle notch), in the
middle (referred to as a dichrotic notch), or near the top
(referred to as a shoulder notch)). Notches (e.g., dichrotic
notches) may refer to secondary turning points of pulse waves
as well as inflection points of pulse waves. Pre-processor 312
may identify notches and either utilize or ignore them when
detecting the pulse locations. In some embodiments, pre-
processor 312 may compute the second derivative of the PPG
signal to find the local minima and maxima points and may
use this information to determine a location of, for example,
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a dichrotic notch. Additionally, pre-processor 312 may intet-
polate between points in a signal or between points in a
processed signal using any interpolation technique (e.g.,
zero-order hold, linear interpolation, and/or higher-order
interpolation techniques). Some pulse detection techniques
that may be performed by pre-processor 312 are described in
more detail in co-pending, commonly assigned U.S. patent
application Ser. No. 12/242,908, filed Sep. 30, 2008 and
entitled “SYSTEMS AND METHODS FOR DETECTING
PULSES IN A PPG SIGNAL,” which is incorporated by
reference herein in its entirety.

[0082] In some embodiments, reference points may be
received or otherwise determined from any other suitable
pulse detecting technique. For example, pulse beep flags gen-
erated by a pulse oximeter, which may indicate when the
pulse oximeter is to emit an audible beep, may be received by
processor 314, pre-processor 312, post-processor 316, or any
combination thereof for processing in accordance with the
present disclosure. The pulse beep flags may be used as ref-
erence points indicative of the occurrence of a pulses in tem-
porally corresponding places in the associated PPG signal.
[0083] Anillustrative PPG signal 500 is depicted in FIG. 5.
FIG. 6 shows the illustrative signal of FIG. 5 including further
analysis. Processor 314 may receive PPG signal 500, and may
locate successive reference points 502 and 512 corresponding
to respective, successive pulse waves. In some embodiments,
reference points may be, for example, maxima in the first
derivative of PPG signal 500, as illustrated in FIG. 5 by
reference points 502 and 512. Interval 510, between reference
points 502 and 512, may correspond to the duration of a pulse
wave. For example, the inverse of interval 510 may be pro-
portional to a pulse rate (e.g., in units of beats per minute
(BPM) or Hz).

[0084] In some embodiments, pre-processor 312 (or any
other suitable processor) may locate a fiducial point at point
514 for further calculations based on a reference point. For
example, using point 502 as a reference point, pre-processor
312 may locate point 514 by translating a particular time (or
corresponding number of samples) from point 502 in a par-
ticular direction along PPG signal 500, as shown by time
interval 522 of FIG. 6. Another exemplary reference point
may be a maximum point 504 within interval 510. In some
embodiments, processor 312 may use point 504 as a reference
point to locate a further fiducial point at point 514, as shown
in FIG. 6. For example, using point 504 as a reference point,
processor 312 may locate point 514 by translating a particular
time (or corresponding number of samples) from point 504 in
aparticular direction along PPG signal 500, as shown by time
interval 520 of FIG. 6. Point 514 may be a fiducial point, and
may be used in further physiological calculations. The num-
ber of samples defining a fiducial point from a reference point
(or any other suitable point derived from the PPG signal or
from the reference point) may be determined according to, for
example, empirical analysis. In some embodiments, the fidu-
cial point may be the same as a reference point (i.e., once a
reference point is determined, no additional processing is
necessary to identify a corresponding fiducial point).

[0085] Respiratory activities may cause particular changes
in the morphology of a PPG signal throughout a respiratory
cycle, including, for example, on a pulse by pulse basis. In
some circumstances, these changes in morphology may be in
addition to morphological change due to changes in stroke
volume, pulse rate, blood pressure, any other suitable physi-
ological parameters, or any combination thereof. Respiratory
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modulations may include baseline modulations, amplitude
modulations, frequency modulations, respiratory sinus
arrhythmia, any other suitable modulations, or any combina-
tion thereof. Respiratory modulations may exhibit different
phases, amplitudes, or both, within a PPG signal and may
contribute to complex behavior (e.g., changes) of the PPG
signal. Morphology metrics may be calculated on any portion
of a PPG signal, but in one exemplary embodiment each
consecutive set of fiducial points may define a relevant por-
tion of the PPG signal for calculating a morphology metric,
and may be referred to herein as a fiducial-defined portion.
[0086] In some embodiments, a set of fiducial points on a
sampled physiological signal or signal derived thereof (e.g., a
derivative of a signal, a smoothed signal, a filtered signal, an
amplified signal, or other processed signal) may be further
processed (e.g., by pre-processor 312). In some embodi-
ments, a set of fiducial points, corresponding to a subset of
points on the sampled signal, may be used to create a fiducial
signal or as a reference to calculate morphology metric val-
ues. For example, a single point on each pulse wave may be
used to create the fiducial signal or as a basis for calculating
a morphology metric value associated with a fiducial defined
portion. The fiducial signal may be further analyzed to, for
example, calculate physiological parameters (e.g., respiration
information), signal quality metrics, any other suitable val-
ues, or any combination thereof, e.g., by processor 314 and
post-processor 316.

[0087] In an illustrative example, in some embodiments, a
set of fiducial points on a PPG signal (e.g., a collection of
points of successive pulse waves each similar to point 514 of
FIG. 6) may be outputted as a fiducial signal. In another
illustrative example, a set of fiducial points on a PPG signals
may be utilized as a basis to determine one or more sets of
morphology metric values. The resulting fiducial signal or
morphology metric values may be further processed to cal-
culate respiration rate, respiratory modulation metrics, any
other suitable respiration information, any other suitable
physiological parameters, any other suitable metrics, or any
combination thereof.

[0088] The selection of fiducial points may influence pro-
cessing of the fiducial signal or morphology metric values. In
some embodiments, selection of fiducial points may be opti-
mized to enhance the performance of an analysis applied to
the fiducial signal or morphology metric values. For example,
a PPG signal may be pre-processed to emphasize key mor-
phological changes, which may aid in the extraction of res-
piratory information using further processing (e.g., using an
autocorrelation or wavelet transform). Pre-processing may
include generating derived signals such as, for example,
derivative, integral, or moving averaged signals, which may
be more amenable to particular analysis in some circum-
stances. Pre-processing may also include determining one or
more reference points, determining one or more fiducial
points, or both.

[0089] FIG. 7 shows illustrative graphs 700, 720, and 740
depicting determining fiducial points from a PPG signal.
Each of graphs 700, 720, and 740 include illustrative time
series 710 shown by a solid line, and a set of points shown by
a set of circles. The abscissa of graphs 700, 720, and 740 are
in units of time, while the ordinate of graphs 700, 720, and
740 are in units of signal amplitude.

[0090] Time series 710 shows a series of pulse waves of an
illustrative PPG signal. The set of points 702 represented by
circles in graph 700 correspond to the peak in the first deriva-
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tive of each pulse wave. In some embodiments, the set of
points 702 may be used as reference points, fiducial points, or
both. In the illustrated embodiment, the set of points 702
represents a set of reference points. Although points 702
correspond to the peak of the first derivative of each pulse
wave, other reference points may utilized, such as the maxi-
mum amplitude of each pulse wave.

[0091] Theset of points 722 represented by circles in graph
720 correspond to points 16 samples (i.e., about 210 milli-
seconds at a sampling rate of about 76 Hertz) to the right of the
peak in the first derivative of each pulse wave (i.e., points
702). The set of points 722 may be a set of fiducial points,
selected using the peaks in the first derivative of each pulse
wave as reference points and locating a set of respective
points spaced from the reference points by a particular time
interval. Time series 730, including the set of points 722,
represents a “fiducial signal” derived from time series 720.
Fiducial points 722 may also be utilized to determine other
parameters, such as determining one or more morphology
metrics as described herein.

[0092] Theset of points 742 represented by circles in graph
740 correspond to points 22 samples to the right of the peak in
the first derivative of each pulse wave. The set of points 742
may be a set of fiducial points, selected using the peaks in the
first derivative of each pulse wave as reference points and
locating a set of respective points spaced from the reference
points by a particular time interval. Although not depicted
herein, the fiducial points defined by the set of points 742 may
be utilized to determine a fiducial signal, determine morphol-
ogy metrics, or other parameters as described herein. Fiducial
points may also be located at other locations relative to the
reference points.

[0093] In some embodiments, processor 314 or post-pro-
cessor 316 may utilize fiducial points 722 or 742 as a basis for
determining morphology metrics as described herein to deter-
mine physiological information. Time series 730 may also be
processed to determine physiological information. For
example, processor 314 or post-processor 316 may determine
respiration information such as a respiration rate from mor-
phology metrics based on fiducial points 722 or 742, or from
time series 730. For example, respiratory activity may be
observed by the oscillatory character (at a longer time scale
than that of the pulse rate shown by time series 710) of time
series 730. Respiration information (e.g., respiration rate,
respiration modulation shape) may be calculated by proces-
sor 314 or post-processor 316 using any suitable mathemati-
cal processing techniques (e.g., using wavelet transforms,
spectral transforms, curve-fitting). In some embodiments, a
particular set of points (e.g., the set of points 722 located
about 210 milliseconds to the right of the peak in first deriva-
tive) may allow processor 314, post-processor 316, or both to
calculate physiological information with relatively more
accuracy, relatively less computational requirements, rela-
tively more consistency, any other suitable relative computa-
tional advantage, or any combination thereof.

[0094] FIG. 8 shows a PPG signal from which reference
points and fiducial points may be derived as illustrated in
graphs 800. Each graph includes a time series of an illustra-
tive PPG signal shown by a solid line, a first set of points
shown by triangles, and a second set of points shown by
circles. The abscissa of each graph is in units of time, while
the ordinate of each graph is in units of signal amplitude.
[0095] Time series 810 includes a series of pulse waves of
an illustrative PPG signal. The set of points 804 represented
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by triangles in graph 800 correspond to the peak in the first
derivative of each pulse wave. Although points 804 corre-
spond to the peak of the first derivative of each pulse wave,
other reference points may utilized, such as the maximum
amplitude of each pulse wave. The set of points 802 repre-
sented by circles correspond to illustrative reference points
(e.g., reference points indicating “pulse found™). Any suitable
technique may be used to identify pulses in a PPG, including
any known techniques or any future techniques currently not
known.

[0096] The set of points 824 represented by triangles in
graph 820 correspond to points located 14 samples (about 184
ms at a 76 Hz sampling rate) to the right of (i.e., after) the
reference points of each pulse wave (i.e., peak in the first
derivative points 804). The set of points 824 are roughly
coincident with the set of points 802. In some embodiments,
the set of points 824 may be used as a set of fiducial points,
rather than locating the set of points 802. For example, pre-
processor 312 may use the set of points 824 to indicate where
apulse has been detected. The use of the set of points 824 may
allow processing system 300 to calculate physiological infor-
mation with relatively more accuracy, relatively less compu-
tational requirements, relatively more consistency, any other
suitable relative computational advantage, or any combina-
tion thereof. In some circumstances, the set of points 824 may
be preferred to the set of points 802 because the set of points
824 are derived from the morphology of the signal and may be
in phase with the morphology of the signal. In some circum-
stances, the set of points 802 may be dependent on the manner
thatlocation is determined, and the use ofthe set of points 824
may provide an improvement.

[0097] The set of points 844 represented by triangles in
graph 840 corresponds to points located 22 samples to the
right of the reference points of each pulse wave (i.e., peak in
the first derivative points 804). The set of points represented
by circles 802 corresponds to the same reference points of
graph 800. In some embodiments, processor 312 may deter-
mine that the set of points 844 is not to be used as a set of
fiducial points because, for example, the set of points 844 is
not substantially coincident with the set of points 802.
[0098] FIG. 9 is flow diagram 900 showing illustrative
steps for determining physiological information, in accor-
dance with the present disclosure.

[0099] Step 902 may include pre-processor 312 determin-
ing one or more reference points of a physiological signal.
Determining the one or more reference points of the physi-
ological signal may include receiving the physiological sig-
nal from a sensor, conditioning the physiological signal (e.g.,
amplifying, filtering, sampling, digitizing), performing cal-
culations on the physiological signal or conditioned signal
thereof, selecting a time interval (or a corresponding number
of samples) of the physiological signal or conditioned signal
thereof to analyze, any other suitable processing, or any com-
bination thereof. In some embodiments, a single reference
point on a signal may be determined by pre-processor 312
such as, for example, an absolute minimum or maximum ofa
signal. In some embodiments, a set of reference points may be
determined by pre-processor 312. For example, pre-proces-
sor 312 may be configured to process a PPG signal that
includes a set of pulse waves, and determine a reference point
for each pulse wave. Reference points on a signal may include
minimums on the signal, maximums on the signal, zeros on
the signal, minimums on a derivative (of any suitable order) of
the signal, maximums on a derivative (of any suitable order)
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of the signal, zeros on a derivative (of any suitable order) of
the signal, any other suitable points on a signal or other signal
derived thereof, or any combination thereof. For example,
pre-processor 312 may determine two reference points,
which may be maxima in the first derivative of two successive
pulse waves of a PPG signal. In a further example, pre-
processor 312 may determine a reference point, which may be
a maximum or a minimum of the first derivative of a single
pulse wave of a PPG signal. In a further example, pre-proces-
sor 312 may determine a reference point, which may be a
maximum of a pulse wave of a PPG signal.

[0100] Step 904 may include pre-processor 312 determin-
ing one or more fiducial points on the physiological signal of
step 902 using the one or more reference points of step 902.
Determining the one or more fiducial points of the physi-
ological signal may include using a time interval relative to
the one or more particular reference points of step 902, using
a number of samples relative to the one or more particular
reference points of step 902, any other suitable approaches of
determining a location of one or more fiducial points on a
signal, or any combination thereof. For example, determining
a fiducial point may include locating a point on the physi-
ological signal at a particular time interval or number of
samples from a reference point.

[0101] Step 906 may include pre-processor 312 determin-
ing physiological information based at least in part on the
determined one or more fiducial points of step 904. Deter-
mining physiological information may include performing
calculations directly on the one or more fiducial points, gen-
erating morphology metric values and signals based on the
fiducial points, generating a fiducial signal based on the one
or more fiducial points, performing calculations on the mor-
phology metric values or fiducial signal, calculating one or
more physiological parameters (e.g., pulse rate, respiration
rate, SpO,. blood pressure), any other suitable processing to
determine physiological information, or any combination
thereof. In some embodiments, a pre-constructed program
may be executed by processing system 300 to determine
physiological information from one or more fiducial points.
For example, a program executed by pre-processor 312 may
take as inputs a set of fiducial points and calculate one or more
sets of morphology metric values. Pre-processor 312 may
derive morphology metric signals from the morphology met-
ric values and processor 314 or post-processor 316 may deter-
mine respiration information such as respiration rate from the
morphology metric values, e.g., by applying a continuous
wavelet transform on a combined autocorrelation of the mor-
phology metric signals. The transform may yield a dominant
component (e.g., a particular scale in the wavelet domain),
which may indicate a rate of an oscillatory physiological
activity, such as a respiration rate. In a further example, a
program executed by pre-processor 312 may take as inputs a
set of fiducial points represented by a new time series. The
program may determine one or more fiducial points of the
new time series such as, for example, the peak to peak time
interval of the fiducial signal, which may yield physiological
information such as respiration rate. Processing system 300
may determine physiological information by performing any
suitable calculation, executing any suitable analysis or pro-
gram, performing any suitable database search, any other
suitable steps, or any combination thereof.

[0102] Insome embodiments, determining the one or more
fiducial points of the physiological signal may include pre-
processor 312 accessing fiducial information, as shown by
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step 908. Accessing fiducial information may include recall-
ing a mathematical expression, accessing a database (e.g., a
look up table), accessing memory, using a pre-set approach
for determining fiducial points, receiving a user input select-
ing an approach for determining fiducial points, any other
suitable accessing of stored information, any other suitable
accessing of user inputted information, or any combination
thereof. For example, step 908 may include using a physi-
ological parameter value in a lookup table to determine a
fiducial point type, a fiducial point location, or other suitable
fiducial information. In a further example, step 908 may
include inputting a physiological parameter value such as a
pulse rate into a mathematical formula, which may output a
fiducial pointlocation relative to a reference point (e.g., a time
interval or number of sample), or other suitable fiducial infor-
mation.

[0103] FIG. 10 is flow diagram 1000 showing illustrative
steps for determining respiratory information, in accordance
with the present disclosure.

[0104] Step 1002 may include pre-processor 312 locating
two reference points of a PPG signal. Locating the two ref-
erence points of the PPG signal may include determining a
minimum, maximum, zero, any other suitable points on a
signal or other signal derived thereof (e.g., a derivative of any
suitable order), or any combination thereof. For example, the
two reference points may be two successive maxima in the
first derivative of the PPG signal. In a further example, the two
reference points may be a successive maximum and a mini-
mum of the first derivative of the PPG signal.

[0105] Step 1004 may include pre-processor 312 locating a
maximum on the PPG signal between the two located refer-
ence points of step 1002. In some embodiments, pre-proces-
sor 312 may locate a single maximum signal value between
the two reference points. For example, the two reference
points may be successive maxima in the first derivative of the
PPG signal, and the maximum on the PPG signal may corre-
spond to a peak of a portion of the PPG signal (e.g., as shown
by point 504 of FIG. 5). In a further example, the two refer-
ence points may be a maximum and a minimum of the first
derivative of the PPG signal (e.g., corresponding to a respec-
tive upstroke and downstroke of a pulse wave), and the maxi-
mum may correspond to a peak of a portion of the PPG signal.
[0106] Step 1006 may include pre-processor 312 selecting
a fiducial point of the PPG signal. In some embodiments,
pre-processor 312 may select a fiducial point located a par-
ticular time interval (or corresponding number of samples)
from the located maximum of step 1004. For example, pre-
processor 312 may select a fiducial point located about 210
milliseconds (approximately 16 samples at a sampling rate of
about 76 Hertz) to the right of the located maximum of step
1004. In some embodiments, the particular time interval may
depend on physiological information (e.g., the patient’s pulse
rate, respiration rate, physiological history), and need not be
a fixed interval. For example, the particular time interval may
be the period corresponding to 10% of the average or instan-
taneous pulse period of the patient (e.g., 100 milliseconds for
apulse period of 1 second). In a further example, the particu-
lar time interval may be based at least in part on previously
calculated respiration information such as respiration rate
(e.g., using a look up table of various calculated respiration
rates to find an optimum time interval). In some embodi-
ments, pre-processor 312 may select multiple fiducial points.
In some embodiments, pre-processor 312 may perform steps
1002 and 1004 repeatedly, locating a set of maxima between
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a corresponding set of pairs of reference points. A set of
corresponding fiducial points may then be selected. For
example, a fiducial point may be selected for each reference
point of a PPG signal, resulting in a set of fiducial points.
[0107] Insomeembodiments, selecting the fiducial point of
step 1006 may include pre-processor 312 accessing fiducial
information, as shown by step 1010. Accessing fiducial infor-
mation may include recalling a mathematical expression,
accessing a database, accessing memory, using a pre-set
approach for determining fiducial points, receiving a user
input selecting an approach for determining fiducial points,
any other suitable accessing of stored information, any other
suitable accessing of user inputted information, or any com-
bination thereof.

[0108] Step 1008 may include processing system 300
determining respiratory information based at least in part on
the selected fiducial point of step 1006. Respiratory informa-
tion may include respiration rate, respiratory modulation
shape, any other suitable information, or any combination
thereof. Processor 314 or post-processor 316 may determine
respiratory information by calculating the peak to peak time
interval of a set of selected fiducial points, generating mor-
phology metric signals based on fiducial points, performing
an autocorrelation of the set of selected fiducial points or
morphology metric signals and determining one or more
peaks, performing a transform (e.g., a wavelet transform, a
Fourier transform) on the set of selected fiducial points, mor-
phology metric signals, or autocorrelation sequences, per-
forming any other suitable calculation, or any combination
thereof.

[0109] FIG. 11 is flow diagram 1100 showing illustrative
steps for generating a fiducial signal from a physiological
signal, in accordance with the present disclosure.

[0110] Step 1102 may include pre-processor 312 locating
two reference points of a PPG signal. Locating the two ref-
erence points of the PPG signal may include determining a
minimum, maximum, zero, any other suitable points on a
signal or other signal derived thereof (e.g., a derivative of any
suitable order), or any combination thereof. For example, the
two reference points may be two successive maxima in the
first derivative of the PPG signal. In a further example, the two
reference points may be a successive maximum and a mini-
mum of the first derivative of the PPG signal.

[0111] Step 1104 may include pre-processor 312 locating a
maximum on the PPG signal between the two located refer-
ence points of step 1102. In some embodiments, pre-proces-
sor 312 may locate a single maximum between the two ref-
erence points. For example, the two reference points may be
sticcessive maxima in the first derivative of the PPG signal,
and the maximum on the PPG signal may correspond to peak
of a portion of the PPG signal (e.g., as shown by point 504 of
FIG. 5). In a further example, the two reference points may be
a successive maximum and a minimum of the first derivative
of the PPG signal, and the maximum on the PPG signal may
correspond to a peak of a portion of the PPG signal.

[0112] Step 1106 may include pre-processor 312 selecting
a fiducial point of the PPG signal. In some embodiments,
pre-processor 312 may select a fiducial point located a par-
ticular time interval (or corresponding number of samples)
from the located maximum of step 1104. For example, pre-
processor 312 may select a fiducial point located about 210
milliseconds (approximately 16 samples at a sampling rate of
about 76 Hertz) to the right of the located maximum of step
1104. In some embodiments, the particular time interval may
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depend on physiological information, and need not be a fixed
interval. For example, the particular time interval may be the
period corresponding to 10% of the average or instantaneous
heart rate of the patient. In a further example, the particular
time interval may be based at least in part on previously
calculated respiration information. In some embodiments,
pre-processor 312 may select a set of fiducial points. In some
embodiments, pre-processor 312 may perform steps 1102
and 1104 repeatedly, locating a set of maxima between a
corresponding set of pairs of reference points. A set of corre-
sponding fiducial points may then be selected. For example, a
fiducial point may be selected on each pulse wave of a set of
pulse waves of a PPG signal, resulting in a set of fiducial
points.

[0113] Insomeembodiments, selecting the fiducial point of
step 1106 may include pre-processor 312 accessing fiducial
information, as shown by step 1110. Accessing fiducial infor-
mation may include recalling a mathematical expression,
accessing a database, accessing memory, using a pre-set
approach for determining fiducial points, receiving a user
input selecting an approach for determining fiducial points,
any other suitable accessing of stored information, any other
suitable accessing of user inputted information, or any com-
bination thereof.

[0114] Step 1108 may include processing system 300 gen-
erating a fiducial signal based at least in part on the selected
fiducial point of step 1106. In some embodiments the fiducial
signal includes a set of selected fiducial points (e.g., as shown
by time series 730 of F1IG. 7). At step 1108, processing system
300 may average, filter, output (e.g., via a communications
interface), store in memory, or otherwise process, the fiducial
signal. In some embodiments, physiological calculation may
be performed using the fiducial signal of step 1108.

[0115] FIG. 12 is flow diagram 1200 showing illustrative
steps for evaluating a set of fiducial signals, in accordance
with the present disclosure.

[0116] Step 1202 may include pre-processor 312 receiving
aphysiological signal. In some embodiments, the physiologi-
cal signal may be received by pre-processor 312 as input
signal 310 from one or more physiological sensors (e.g., PPG
sensors). In some embodiments, the physiological signal may
have been stored in memory (e.g., ROM 52 or RAM 54 of
FIG. 2), and may be recalled by pre-processor 312 from the
memory. Step 1202 may include conditioning the physiologi-
cal signal such as, for example, amplifying, filtering, baseline
subtracting, sampling, digitizing, outputting input signal 310
to pre-processor 312, performing any other signal condition-
ing, or any combination thereof. In some embodiments, step
1202 may include pre-processor 312 calculating a derivative
of the physiological signal, averaging the physiological sig-
nal (e.g., time averaging, ensemble averaging), subtracting
two physiological signals to produce a single signal (e.g.,
subtracting noise background), calculating a ratio of two
physiological signals to produce a single signal, performing
any other suitable calculation, or any combination thereof.
[0117] Step 1204 may include pre-processor 312 selecting
one or more reference points of a physiological signal as
described above. Step 1206 may include pre-processor 312
selecting one or more fiducial points on the physiological
signal of step 1202, using the one or more reference points of
step 1204 as described above. Step 1208 may include pre-
processor 312 generating a fiducial signal based at least in
part on the selected fiducial points of step 1206. In some
embodiments the fiducial signal includes a set of selected
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fiducial points (e.g., as shown by time series 730 of FIG. 7). At
step 1208, pre-processor 312 may average, filter, output (e.g,,
via a communications interface), store in memory, or other-
wise process, the fiducial signal.

[0118] Step 1210 may include processing system 300 pro-
cessing the fiducial signal of step 1208 for physiological
information. In some embodiments, step 1210 may include
processor 314, post-processor 316, or both determining a
physiological parameter such as, for example, pulse rate,
respiration rate, blood pressure, any other suitable physi-
ological parameter, or any combination thereof. In some
embodiments, step 1210 may include processor 314, post-
processor 316, or both determining a signal metric such as, for
example, an amplitude, a phase difference, an offset, a signal
to noise ratio, any other suitable signal metric of the fiducial
signal, or any combination thereof. In some embodiments,
step 1210 may include processor 314, post-processor 316, or
both storing a physiological parameter value, signal metric, or
both, in memory.

[0119] Step 1212 may include processor 314, post-proces-
sor 316, or both evaluating the fiducial signal generated at
step 1208 based at least in part on the processed physiological
information of step 1210. In some embodiments, the physi-
ological information of step 1210 may be compared with
reference physiological information (e.g., that may be stored
in memory, or provided by an independent monitoring
device) to determine a difference in values. For example, a
time series of physiological parameters may be calculated at
step 1210 and may be compared with a reference time series
to determine a root mean square deviation (RMSD). The
output of step 1212 may be a single metric (e.g., a RMSD
value, a confidence value), a set of metrics (e.g., an array of
differences), a qualitative indicator (e.g., a discriminant such
as “sufficiently accurate” or “poor accuracy”), any other suit-
able output form, or any combination thereof.

[0120] Determination 1214 may include processor 314 or
post-processor 316 determining whether to repeat any or all
of steps 1202-1212, perform any other suitable steps, or any
combination thereof. In some embodiments, a set of evalua-
tions may be performed using determination 1214, and the set
of evaluations may be compared at step 1216 to select a
particular fiducial signal, and corresponding reference points
and fiducial points.

[0121] In some embodiments, processing system 300 may
perform step 1214 to evaluate a set of fiducial signals by
repeating at least steps 1206-1212, selecting different fiducial
points at step 1206 for each evaluation using a particular
reference point(s) of step 1204. For example, pre-processor
312 may select various fiducial points for a particular physi-
ological signal and reference point(s), and processor 314,
post-processor 316, or both may evaluate the fiducial signals
corresponding to each of the various fiducial points, as shown
by step 1216.

[0122] In some embodiments, processing system 300 may
perform step 1214 to evaluate a set of fiducial signals by
repeating at least steps 1204-1212, selecting different fiducial
points at step 1206 for each evaluation, based on a set of
reference points of step 1204. For example, pre-processor 312
may select various combinations of reference points and fidu-
cial points for a particular physiological signal, and processor
314 or post-processor 316 may evaluate the fiducial signals
corresponding to each of the various combinations, as shown
by step 1216.
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[0123] Insome embodiments, processing system 300 may
perform step 1214 to evaluate a set of fiducial signals by
repeating at least steps 1202-1212, selecting different fiducial
points at step 1206 for each evaluation, based on a set of
reference points of step 1204, for a set of physiological sig-
nals of step 1202. For example, pre-processor 312 may select
various combinations of reference points and fiducial points
for each physiological signal of the set of physiological sig-
nals, and processor 314 or post-processor 316 may evaluate
the fiducial signals corresponding to each of the various com-
binations, as shown by step 1216.

[0124] Step 1216 may include processor 314 or post-pro-
cessor 316 comparing a set of fiducial signals based at least in
part on the evaluation of step 1212. In some embodiments,
step 1216 may include processor 314 or post-processor 316
selecting the fiducial signal (along with the corresponding
reference points and fiducial points) corresponding to a low-
est RMSD value.

[0125] In an illustrative example, pre-processor 312 may
receive a PPG signal including a set of successive pulse waves
at step 1202. Pre-processor 312 may select a set of reference
points on the PPG signal corresponding to the successive
peaks in the first derivative of the PPG signal at step 1204.
Also, at step 1204, pre-processor 312 may select a maximum
in the PPG signal located between each set of successive
reference points. At step 1206, pre-processor 312 may select
a fiducial point corresponding to each reference point, located
a particular time interval away from the reference point, gen-
erating a set of fiducial points. Pre-processor 312 may gener-
ate a fiducial signal at step 1208, including the set of fiducial
points of step 1206, and processor 314, post-processor 316, or
both may determine physiological information such as values
of respiration information at step 1210. At step 1212, proces-
sor 314 or post-processor 316 may evaluate a series of values
for respiration information of step 1210 against a reference
series of values of respiration information by calculating a
RMSD value. Processing system 300 may repeat steps 1206-
1212 to generate a set of fiducial signals and corresponding
evaluations, using determination 1214. At step 1216, proces-
sor 314 or post-processor 316 may compare the set of evalu-
ations generated at step 1212, and select a particular fiducial
signal along with corresponding fiducial points. Processing
system 300 may use the time interval of the corresponding
fiducial points as a pre-set time interval for subsequent analy-
sis.

[0126] FIG. 13 shows an illustrative comparison for various
fiducial point selections on a particular PPG signal, in accor-
dance with the present disclosure. The abscissa of graph 1300
is inunits of time interval, increasing to the right. The ordinate
of graph 1300 is in units of RMSD relative to a reference
RMSD. The RMSD value is calculated between respiration
information such as respiration rate derived from a fiducial
signal corresponding to each time interval, and a reference
respiration rate (e.g., calculated by a reference analysis or
program or calculated using an independent monitoring
device). The maximum reduction is shown by relative RMSD
1302. In some embodiments, the time interval corresponding
to RMSD 1302 may be used as a preset time interval to locate
fiducial points relative to a reference point. In some embodi-
ments, a database of optimal time intervals may be created,
and mapped across pulse rate, respiration rate, any other
suitable parameter, or any combination thereof.
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[0127] Any of the illustrative steps of flow diagrams 900-
1200 may be combined with other steps, omitted, rearranged,
or otherwise altered in accordance with the present disclo-
sure.

[0128] An example of a PPG signal changing its morphol-
ogy over a series of pulse cycles associated with a respiratory
cycle is depicted in FIG. 14 and FIG. 15. A respiratory cycle
may typically have a longer period (lower frequency) than a
pulse cycle and may span a number of pulse periods. A
respiratory cycle may span a number of pulse cycles based on
the relative respiration rate and pulse rate. An exemplary
respiratory cycle 1402 may span four pulse periods as
depicted in FIG. 14. Respiration may impact the shape of the
pulse waveform, e.g., by amplitude and frequency modula-
tion. For example, as depicted in FIG. 15, a first pulse asso-
ciated with the respiratory cycle may have a relatively low
amplitude as well as an obvious distinct dichrotic notch as
indicated by point A. A second pulse may have a relatively
high amplitude as well as a dichrotic notch that has been
washed out as depicted by point B. FIG. 15 depicts the pulses
associated with point A and B superimposed on the same
scale for comparison. By the end of the respiratory cycle the
pulse features may again be similar to the morphology of A.
Respiration may have varied effects on the morphology of a
PPG signal other than those depicted in FIG. 15.

[0129] In some embodiments, pre-processor 312 may cal-
culate morphology metrics to be used as inputs to determine
respiration information. Pre-processor 312 may receive a
PPG signal as input signal 310 and may perform various
filtering operations before calculating morphology metrics.
Although a PPG signal may be described herein, it will be
recognized that morphology metrics may be calculated from
various other signals that may include respiration informa-
tion. The PPG signal may be filtered to remove any artifacts
outside of the bandwidth of interest for respiration. The PPG
signal may be filtered in a manner to achieve a net zero phase
change, for example by filtering once in the forward direction
and then again in the reverse direction. An example filter may
be a third order Butterworth filter with a cutoff frequency of 7
Hz. Other filters may be used to remove artifacts outside of
the bandwidth of interest for respiration, and filters may be
chosen to remove varying degrees of artifacts. Other opera-
tions may also be performed, such as establishing fiducial
points as described herein.

[0130] Pre-processor 312 may calculate one or more sets of
morphology metric values from the received signal. A PPG
signal to be evaluated may be in the form of samples having
a corresponding sampling rate. For example, a sampling rate
of a PPG signal may be 76 Hz.

[0131] FIG. 16 depicts signals used for calculating mor-
phology metrics from a received PPG signal. The abscissa of
each plot of FIG. 16 may be represent time and the ordinate of
each plot may represent magnitude. PPG signal 1600 may be
a received PPG signal, first derivative signal 1620 may be a
signal representing the first derivative ofthe PPG signal 1600,
and second derivative signal 1640 may be a signal represent-
ing the second derivative of the PPG signal 1600. As will be
described below, these signals may be utilized to calculate
morphology metrics that may be used as inputs by processor
314 or post-processor 316 to determine respiration informa-
tion such as respiration rate. Although particular morphology
metric determinations are set forth below, each of the mor-
phology metric calculations may be modified in any suitable
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manner. Any of a plurality of morphology metrics may be
utilized in combination to determine respiration information.
[0132] Exemplary fiducial points 1602 and 1604 are
depicted for PPG signal 1600, and fiducial lines 1606 and
1608 demonstrate the location of fiducial points 1602 and
1604 relative to first derivative signal 1620 and second deriva-
tive signal 1640. The fiducial points may be determined by
pre-processor 312 as described herein. Fiducial points 1602
and 1604 may define a fiducial-defined portion 1610 of PPG
signal 1600. The fiducial points 1602 and 1604 may define
starting ending points for determining morphology metrics as
described herein, and the fiducial-defined portion 1610 may
be define a relevant portion of data for determining morphol-
ogy metrics as described herein. It will be understood that
other starting points, ending points, and relative portions of
data may be utilized to determine morphology metrics.
[0133] An exemplary morphology metric may be a down
metric. The down metric is the difference between a first (e.g.,
fiducial) sample of a fiducial-defined portion (e.g., fiducial
defined portion 1610) of the PPG signal (e.g., PPG signal
1600) and a minimum sample (e.g., minimum sample 1612)
of the fiducial-defined portion of the PPG signal. A down
metric may also be calculated based on other points of a
fiducial-defined portion. The down metric is indicative of
physiological characteristics which are related to respiration,
e.g., amplitude and baseline modulations of the PPG signal.
In an exemplary embodiment fiducial point 1602 defines the
first location for calculation of a down metric for fiducial-
defined portion 1610. In the exemplary embodiment the mini-
mum sample of fiducial-defined portion 1610 is minimum
point 1612, and is indicated by horizontal line 1614. The
down metric may be calculated by subtracting the value of
minimum point 1612 from the value of fiducial point 1602,
and is depicted as down metric 1616.

[0134] A more detailed view of down metrics for multiple
fiducial-defined portions is depicted in FIG. 17 for an ampli-
tude modulated PPG signal. Each fiducial-defined portion has
an associated down metric 1702, 1704, 1706,1708, and 1710.
The values and change in values of the down metric may be
utilized as described herein to generate morphology metric
signals that are used as an input to determine respiration
information, such as respiration rate. FIG. 18 depicts down
metrics for a PPG signal that includes baseline as well as
amplitude modulation. Each fiducial-defined portion has an
associated down metric 1802, 1804, 1806, 1808, and 1810.
The values and change in values of the down metric may be
utilized as described herein to generate morphology metric
signals that are used as an input to determine respiration
information.

[0135] Another exemplary morphology metric may be a
kurtosis metric for a fiducial-defined portion. Kurtosis mea-
sures the peakedness of the first derivative 1620 of the PPG
signal. The peakedness is sensitive to both amplitude and
period (frequency) changes, and may be utilized as an input to
determine respiration information, such as respiration rate.
Kurtosis may be calculated based on the following formulae:

n
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where:

x,/=ith sample of 1* derivative; x=mean of 1st derivative of
fiducial-defined portion;

n=set of all samples in the fiducial-defined portion
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[0136] Another exemplary morphology metric may be a
delta of the second derivative (DSD) between consecutive
fiducial-defined portions, e.g., at consecutive fiducial points.
Measurement points 1642 and 1644 for aDSD calculation are
depicted at fiducial points 1602 and 1604 as indicated by
fiducial lines 1606 and 1608. The second derivative is indica-
tive of the curvature of a signal. Changes in the curvature of
the PPG signal are indicative of changes in internal pressure
that occur during respiration, particularly changes near the
peak of a pulse. By providing a metric of changes in curvature
of the PPG signal, the DSD morphology metric may be uti-
lized as an input to determine respiration information, such as
respiration rate. The DSD metric may be calculated for each
fiducial-defined portion by subtracting the second derivative
of the next fiducial point from the second derivative of the
current fiducial point.

[0137] Another exemplary morphology metric may be an
up metric measuring the up stroke of the first derivative signal
1620 of the PPG signal. The up stroke may be based on an
initial starting sample (fiducial point) and a maximum sample
for the fiducial-defined portion and is depicted as up metric
1622 for a fiducial point corresponding to fiducial line 1606.
The up metric may be indicative of amplitude and baseline
modulation of the PPG signal, which may be related to res-
piration information as described herein. Although an up
metric is described herein with respect to the first derivate
signal 1620, it will be understood that an up metric may also
be calculated for the PPG signal 1600 and second derivative
signal 1640.

[0138] Another exemplary morphology metric may be a
skew metric measuring the skewness of the original PPG
signal 1600 or first derivative 1620. The skew metric is indica-
tive of how tilted a signal is, and increases as the PPG signal
is compressed (indicating frequency changes in respiration)
or the amplitude is increased. The skewness metric is indica-
tive of amplitude and frequency modulation of the PPG sig-
nal, which may be related to respiration information as
described herein. Skewness may be calculated as follows:
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where:

x,~ith sample;

x=mean of the samples of the fiducial-defined portion;
m,=third moment;

m,=second moment; and

n=total number of samples.

[0139] Another exemplary morphology metric may be ab/a
ratio metric (i.e., b/a), which is based on the ratio between the
a-peak and b-peak of the second derivative signal 1640. PPG
signal 1600, first derivative signal 1620, and second deriva-
tive signal 1600 may include a number of peaks (e.g., four
peaks corresponding to maxima and minima) which may be
described as the a-peak, b-peak, c-peak, and d-peak, with the
a-peak and c-peak generally corresponding to local maxima
within a fiducial defined portion and the b-peak and d-peak
generally corresponding to local minima within a fiducial
defined portion. For example, the second derivative of the
PPG signal may include four peaks: the a-peak, b-peak,
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c-peak, and d-peak. Each peak may be indicative of a respec-
tive systolic wave, i.e., the a-wave, b-wave, c-wave, and
d-wave. On the depicted portion of the second derivative of
the PPG signal 1640, the a-peaks are indicated by points 1646
and 1648, the b-peaks by points 1650 and 1652, the c-peaks
by points 1654 and 1656, and the d-peaks by points 1658 and
1660. The b/a ratio measures the ratio of the b-peak (e.g.,
1650 or 1652) and the a-peak (e.g., 1646 or 1648). The b/a
ratio metric may be indicative of the curvature of the PPG
signal, which demonstrates frequency modulation based on
respiration information such as respiration rate. The b/a ratio
may also be calculated based on the a-peak and b-peak in
higher order signals such as PPG signal and first derivative
PPG signal 1620.

[0140] Another exemplary morphology metric may be ac/a
ratio (i.e., ¢/a), which is calculated from the a-peak and c-peak
of a signal. For example, first derivate PPG signal 1620 may
have a c-peak 1626 which corresponds to the maximum slope
near the dichrotic notch of PPG signal 1600, and an a-peak
1624 which corresponds to the maximum slope of the PPG
signal 1600. The c/a ratio of the first derivative is indicative of
frequency modulation of the PPG signal, which is related to
respiration information such as respiration rate as described
herein. A c/a ratio may be calculated in a similar manner for
PPG signal 1600 and second derivative signal 1640.

[0141] Another exemplary morphology metric may be a
i_b metric measuring the time between two consecutive local
minimum (b) locations 1650 and 1652 in the second deriva-
tive 1640. The i_b metric is indicative of frequency modula-
tion of the PPG signal, which is related to respiration infor-
mation such as respiration rate as described herein. The i_b
metric may also be calculated for PPG signal 1600 or first
derivative signal 1620.

[0142] Another exemplary morphology metric may be a
peak amplitude metric measuring the amplitude of the peak of
the original PPG signal 1600 or of the higher order derivatives
1620 and 1640. The peak amplitude metric is indicative of
amplitude modulation of the PPG signal, which is related to
respiration information such as respiration rate as described
herein.

[0143] Another exemplary morphology metric may be a
center of gravity metric measuring the center of gravity of a
fiducial-defined portion from the PPG signal 1600 in either or
both of the x and y coordinates. The center of gravity is
calculated as follows:

Center of gravity (x)=2(x,*y,)/2y,

Center of gravity (v)=Z(x,*y,)/Zx;

[0144] The center of gravity metric of the x coordinate for
a fiducial-defined portion is indicative of frequency modula-
tion of the PPG signal, which is related to respiration infor-
mation such as respiration rate as described herein. The center
of gravity metric of the y coordinate for a fiducial-defined
portion is indicative of amplitude modulation of the PPG
signal, which is related to respiration information such as
respiration rate as described herein.

[0145] Another exemplary morphology metric is an area
metric measuring the total area under the curve for a fiducial-
defined portion of the PPG signal 1600. The area metric is
indicative of frequency and amplitude modulation of the PPG
signal, which is related to respiration information such as
respiration rate as described herein.

[0146] Although a number of morphology metrics have
been described herein, it will be understood that other mor-
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phology metrics may be calculated from PPG signal 1600,
first derivative signal 1620, second derivative signal 1640,
and any other order of the PPG signal. It will also be under-
stood that any of the morphology metrics described above
may be modified to capture aspects of respiration information
or other physiological information that may be determined
from a PPG signal.

[0147] FIG. 19 depicts steps 1900 for generating a mor-
phology metric signal from a PPG signal. The steps described
in FIG. 19 may be performed by pre-processor 312, processor
314, a combination of pre-processor 312 and processor 314,
or other portions or components of processing system 300.
Although steps may be described as being performed by a
particular component of processing system 300, it will be
recognized that such description is exemplary only. Steps
1900 may be performed in alternative order, steps may be
omitted, and additional steps may be inserted into the
sequence of steps 1900.

[0148] At step 1902, an input signal 310 for computing a
morphology metric related to respiration information such as
respiration rate may be received, e.g., by pre-processor 312.
The received signal may be received directly from a sensor
and require further processing to be converted into a digital
signal, or may be a digital signal that has previously been
processed, e.g., a sampled digital output received from a pulse
oximetry device. An exemplary received signal may be a PPG
signal from a pulse oximetry device, which may be sampled
at a sampling rate, for example, 76 Hz. The received signal
may encompass a sampling window such as 5 seconds. Pre-
processor 314 may locate reference points and fiducial points
to identify one or more fiducial-defined portions, each of
which may be utilized to calculate one or more morphology
metrics which may be used to generate one or more morphol-
ogy metric signals for an analysis window (e.g., a 45 second
analysis window of the 9 most recent sampling windows) as
described herein. The received signal may also be filtered to
remove artifacts outside of the bandwidth of interest for res-
piration. The filter may be a low pass filter or any other filter
that removes information outside of the bandwidth of interest.
The filter may be implemented in any suitable manner, e.g,,
with a third order butterworth filter having a cutoff frequency
of 7 Hz. The cutoff frequency may be any frequency appro-
priate to recognize morphology features related to respira-
tion, and may vary based on physiological parameters such as
heart rate. In order to maintain morphology features, the
feature set may be filtered in a manner to achieve a zero net
phase change, e.g., by filtering the PPG signal twice, once in
each direction.

[0149] At step 1904, pre-processor 312 may calculate mor-
phology metric values from the received signal. Morphology
metric values may be calculated for each fiducial-defined
portion of the analysis window, e.g., each fiducial-defined
portion of the 45 second analysis window. A morphology
metric may be any measurement of the form or structure of a
signal that may relate to a given physiological characteristic
such as respiration information. In an exemplary application,
the morphology metric may relate to respiration information
such as respiration rate and may be determined from a
sampled PPG signal. Morphology metrics may include down
metric, kurtosis metric, DSD metric, up metric, skew metric,
b/a ratio metric, ¢/a ratio metric, i_b metric, peak amplitude
metric, center of gravity metric, and area metric, and may be
calculated as described herein. As described herein, multiple
morphology metric values may be calculated from the PPG



US 2015/0366516 A1l

signal, the first and second derivative of the PPG signal, and
other order derivative of the PPG signal, or from any combi-
nation thereof.

[0150] At step 1906, pre-processor 312 may determine a
usable portion of the input signal 310. Portions of the received
signal may include samples with values that are unlikely to
reflect actual values as a result of inaccurate measurement,
user error, or other factors. Input signal 310 may be analyzed
to identify divergences in the signal baseline, motion arti-
facts, divergences in pulse period, and any other signal fea-
tures that may indicate inaccurate measurement, user error, or
other factors. Based on this analysis, pre-processor 312 may
identify portions of the input signal 310 to be ignored by
processor 314 in calculating values such as respiration infor-
mation. Only those portions of the calculated morphology
metric values that correspond to the usable portion of the
input signal may be provided to processor 314. Pre-processor
312 may also calculate additional values relating to the usable
portion of the signal, such as variability of the signal ampli-
tude, variability of the pulse period, an average age for the
usable portion of the signal, and other parameters relating to
the quality of the PPG signal. The amplitude variability, pulse
period variability, age, and other parameters may be provided
to processor 314, post-processor 316, or both.

[0151] At step 1908, one or more sets of the received mor-
phology metric values may be attenuated by processor 314 to
adjust outliers. In an exemplary embodiment, pre-processor
312 may calculate a series of morphology metric values for a
set of fiducial-defined portions. A threshold may be calcu-
lated for determining which values should be attenuated, and
an attenuation value may be determined to attenuate outliers.
The attenuation value may modify outliers in any manner,
such as with a cutoff value or by reducing the outliers based
on a percentage or other formula. In an exemplary embodi-
ment, the attenuation value may be equal to the threshold and
any outliers thatexceed the threshold may be setto the thresh-
old. The threshold may be calculated based on characteristics
of the underlying signal, the morphology metrics, empirically
determined values, any other suitable technique, or any com-
bination thereof. The threshold may be the same for positive
and negative values or each polarity may have its own thresh-
old and attenuation value. An exemplary threshold may be
based on the standard deviation of a series of calculated
morphology metric values multiplied by a constant. The
exemplary attenuation value may be equal to the threshold,
and the threshold and attenuation values may be the same for
negative values.

[0152] At step 1910, the attenuated series of morphology
metric values may be interpolated by processor 314 to derive
a morphology metric signal that may be indicative of respi-
ration information such as respiration rate. An exemplary
interpolation technique may be to perform linear interpola-
tion on the time series of calculated morphology metrics. It
will be understood that any suitable interpolation technique
may be used to derive the morphology metric signal, such as
higher order curve-fitting techniques. The interpolation may
be performed at a rate different from the sampling rate of the
original PPG signal that formed the basis of the morphology
metric. For example, morphology metrics calculated from an
exemplary 76 Hz PPG input may be interpolated at a s of the
original rate, or at 12.66 Hz, to create an interpolated mor-
phology metric signal.

[0153] At step 1912, the interpolated morphology metric
signal may be filtered by processor 314 to smooth the signal
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and remove information that is outside the interest for respi-
ration. An exemplary filter may be a band-pass filter that
removes information outside of the bandwidth of interest for
respiration. For three exemplary sets of morphology metrics,
the exemplary pass bands may be 0.15 Hz-0.9 Hz (down
metric), 0.07-0.7 Hz (kurtosis metric). and 0.07-0.7 Hz (DSD
metric). The feature set may be filtered twice, once in each
direction, to achieve a zero net phase change. It will be undet-
stood that that the filter may be implemented in any suitable
manner, and that any suitable pass bands may be used for the
filter.

[0154] At step 1914, the filtered morphology metric signal
may be downsampled by processor 314 to a sampling rate to
be used as an input to derive respiration information such as
respiration rate. For example, the filtered morphology metric
signal may be downsampled to a lower frequency value such
as 2.53 Hz. This sampling rate may be common for multiple
morphology metrics, such that different morphology metrics
may be more easily compared to determine respiration infor-
mation such as respiration rate.

[0155] Steps 1900 may be repeated to generate each mor-
phology metric signal. In an exemplary embodiment, steps
1900 may be repeated to generate a down metric signal, a
kurtosis metric signal, and a DSD metric signal. It will be
understood that any number or combination of morphology
metric signals may be generated for the morphology metrics
described herein.

[0156] FIG. 20 depicts a set of plots 2000, 2010, 2020, and
2030 depicting aspects of the signal processing steps for
calculating a morphology metric signal from a PPG signal as
described herein. Specifically, FIG. 20 depicts an exemplary
calculation of a down metric signal from an exemplary PPG
signal 2002 in accordance with the steps described herein.
Although FIG. 20 depicts an example of determining a down
metric, each morphology metric may be processed in a simi-
lar manner. Alternatively, each morphology metric may have
its own process or set of parameters to derive a signal useful
for determining respiration information from a PPG signal.
With respect to any morphology metric, additional operations
such as filtering and calculation steps may be performed, and
steps discussed below may be omitted.

[0157] PPG signal 2002 may be received, e.g., by pre-
processor 312 as input signal 310, as digital data with a
sampling rate based on the output of a device such as a pulse
oximeter. Input signal may be streamed to pre-processor 312
or may be received in discrete sampling windows, e.g., every
5 seconds of data. Plot 2000 may be depicted in units of
samples on the abscissa and magnitude on the ordinate, based
on a sampling rate of 76 Hz. Although 76 Hz is an exemplary
sampling rate, any sampling rate may be utilized to provide an
interface with a pulse oximeter or other device providing the
PPG signal. Plot 2000 may depict a portion of an analysis
window used to generate morphology metric signals. An
exemplary analysis window may include 45 seconds of
samples, and morphology metrics may be recalculated forthe
analysis window for each new 5 second sampling window of
PPG values that is received.

[0158] Plot 2000 depicts a portion of an analysis window
for which a morphology metric signal may be determined
from the PPG signal. Fiducial points 2004 may be calculated
as described herein and may be utilized in determining a
down metric for PPG signal 2002 for each fiducial defined
portion. Although a down metric is described herein, PPG
signal 2002 (and the first and second derivative of PPG signal
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2002) may be utilized to determine other morphology metrics
as described herein. The fiducial point 2004 locations
depicted in plot 2000 are exemplary, and other fiducial point
2004 locations may be used to determine the down metric and
other morphology metrics.

[0159] A down metric may be calculated for each fiducial-
defined portion of the PPG signal as described herein, e.g., by
calculating the difference between the amplitude at the fidu-
cial point and the lowest-amplitude sample for each fiducial-
defined portion. The resulting morphology metric values may
be provided to processor 314, and any unusable portions of
the analysis window may be removed as described herein. In
the exemplary embodiment depicted in FIG. 20, the complete
set of down metric values depicted in plot 2010 may be
provided to processor 314 as a portion of an analysis window.
Plot 2010 is depicted in units of samples on the abscissa and
magnitude on the ordinate, based on the original sampling
rate of the received PPG signal 2002, e.g., 76 Hz. Each down
metric 2012 may be located at the starting fiducial point for
each respective fiducial-defined portion. Once the down met-
ric values are calculated, those values may be attenuated as
described herein. A standard deviation may be calculated for
the down metric values. A threshold may be based on that
standard deviation multiplied by a constant, e.g., 1.6. Any
down metric values exceeding 1.6*(standard deviation of
down metrics) may be attenuated to the threshold value. It
will be recognized that other suitable threshold values and
attenuation values may be utilized as described herein.

[0160] A linear interpolation of the down metric values
may then be performed. The linear interpolation may be at a
lower frequency than the 76 Hz PPG input signal, e.g., at
12.66 Hz. Plot 2020 depicts a linear interpolation of the
attenuated down metric values. The interpolated values may
then be filtered to remove information outside of the band-
width of interest as described herein. For example, a window
of interest may capture respiration rate information ranging
from 3 to 50 breaths per minute, e.g., using a bandpass filter.
The resulting morphology metric signal may be down-
sampled to a lower frequency value such as 2.53 Hz. This
sampling rate may be a common for multiple morphology
metrics, such that different morphology metrics may be com-
pared on the same scale to determine respiration information
such as respiration rate. It will be understood that downsam-
pling may be accomplished in any suitable manner, and that
the resulting signal may have any suitable frequency. Plot
2030 depicts the resulting morphology metric signal.

[0161] In an exemplary embodiment, pre-processor 312
may perform a number of tests to determine whether any
portions of the information calculated from the analysis win-
dow (e.g., one or more morphology metrics calculated for a
45 second analysis window) should be ignored, discarded, or
deemphasized, and calculate a number of related values. FIG.
21 depicts steps for determining which portions of the analy-
sis window include useable data. The steps depicted in FIG.
21 may be executed in any order, any or all of the steps may
be omitted, and additional steps may be included.

[0162] At step 2102, pre-processor 312 may identify any
large baseline shifts that may result in unusable or degraded
performance for the calculation of respiration information.
The PPG signal may be filtered in any suitable manner. For
example, the original PPG signal may be filtered with a 3™
order Butterworth filter about a region of interest such as 0.07
to 0.7 Hz. To achieve a zero phase change, the signal may be
filtered twice, once in each direction. The absolute value of
each sample of the resulting signal may be compared to a
threshold corresponding to a baseline shift, for example, at
2.9 multiplied by the standard deviation of the baseline signal.
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Tt will be understood that any suitable threshold may be used
and that the threshold may be based on any suitable baseline
other than the standard deviation. Any samples that exceed
the threshold may indicate areas of data to be ignored or
deemphasized in future calculations such as for respiration
information. The portion of the data to be ignored or deem-
phasized may be determined in any suitable manner. For
example, pre-processor 312 may identify the largest section
of the resulting signal that does not include any outliers. That
portion of the signal may be used for subsequent calculations,
and in some instances an additional buffer section (e.g., 5
seconds) may be removed from the usable portion adjacent to
any identified outliers.

[0163] At step 2104, pre-processor 312 may identify
invalid artifacts or samples in the usable portion identified in
step 2102. Tt will be understood that the presence of an invalid
artifact or sample may be determined in any suitable manner.
For example, a last artifact or invalid sample flag may be
received with the PPG signal as described herein. If either flag
is asserted during a portion of the usable portion of the PPG
signal from step 2102, portions of the PPG signal correspond-
ing to the last artifact or invalid sample flag may be removed
from the usable portion in any suitable manner. For example,
portions corresponding to an invalid artifact or sample may be
removed by ignoring the artifact or invalid sample event and
any portions of the usable signal that occur prior to the artifact
or invalid sample event.

[0164] At step 2106, pre-processor 312 may identify any
out of range pulse values within the usable portion of the
analysis window. The appropriate range may be determined
in any suitable manner. For example, a valid pulse rate range
may be 40 to 170 beats per minute. Pre-processor 312 may
maintain a running average of the pulse rate corresponding to
a portion of the analysis windows, e.g., for each 5 second
sampling window. If at any time the running average is less
than the minimum pulse rate (e.g., 40 beats per minute) or is
greater than the maximum pulse rate (e.g., 170 beats per
minute), portions of the overall analysis window that corre-
spond to the out of range portion may be ignored or deem-
phasized in any suitable manner, e.g., by ignoring all data that
precedes the out of range portion.

[0165] At step 2108, pre-processor 312 may calculate vari-
ability metrics for the remaining usable portion of the analy-
sis window (e.g., after steps 2102-2106) for subsequent use
by processor 314, post-processor 316, or both. An amplitude
variability metric may be calculated in any suitable manner.
For example, the amplitude variability metric may be calcu-
lated by subtracting the minima from the maxima for each
fiducial-defined portion. An amplitude difference may be cal-
culated for each set of consecutive fiducial-defined portions.
Once all of the amplitude and amplitude difference values are
calculated, an amplitude variability metric may be the sum of
the amplitude difference values divided by the sum of the
amplitude values. Calculation of the amplitude variability
metric may be performed as follows:

amp(i) = max sample in ith pulse — min sample in ith pulse

ampDIff(i) = |amp(i + 1) — amp(i)|

n—1
> ampDiff (i
Amplitude Variability = — -
—

S amp(i)

i=1



US 2015/0366516 A1l

[0166] A period variability metric may be based on a period
which and may be calculated in any suitable manner. For
example, a period variability metric may be calculated for
each fiducial-defined portion. A period difference may be
calculated for each set of consecutive fiducial-defined por-
tions. Once all of the period and period difference values are
calculated, a period variability metric may be the sum of the
period difference values divided by the average pulse period
overthe 45 second analysis window. Calculation of the period
variability metric may be performed as follows:

perDIff (i) = |period(i) — period(i + 1)]

Pulse Period =

1 60
— |*
(dl ] Mean Non-Zero Pusle Rate over last 45 seconds

n—1
> perDiff(i
Period Variability= ;ullﬁ
se rerio

dt = Sample Period = .0132 ms

[0167] At step 2110, pre-processor 312 may identify any
portions of the usable portion of the analysis window where
adjacent fiducial-defined portions have a pulse period differ-
ence that exceeds a threshold. A threshold for the pulse period
difference may be determined in any suitable manner. For
example, if the difference between the pulse period for two
consecutive fiducial-defined portions exceeds 30% of the
average pulse period for the analysis window, any data cor-
responding to these fiducial-defined portions may be ignored,
e.g., by excluding any data of the usable portion of the analy-
sis window that occurs prior to the invalid pulse period.

[0168] At step 2112, pre-processor 312 may calculate the
age of the usable portion of the analysis window. The age of
the usable portion of the analysis may be calculated in any
suitable manner. For example, if the full analysis window of
45 seconds is usable, the age of the analysis window may be
22.5 seconds. As another example, if the most recent 10
seconds of the analysis window are not usable, and only the
prior 35 seconds of the analysis window are usable, the age
may be 27.5 seconds, i.e., 10 seconds (first valid sample) plus
45 seconds (last valid sample) divided by 2.

[0169] Steps for generating respiration information such as
a respiration rate are depicted in FIGS. 22A and 22B. In an
exemplary embodiment, processor 314 may perform the steps
described herein, however it will be understood that some or
all of the steps may be performed by pre-processor 312,
post-processor 316, or other suitable processing circuitry. In
an exemplary embodiment processor 314 may receive one or
more sets of morphology metric values from pre-processor
312. In an exemplary embodiment processor 314 may receive
sets of morphology metric values for the down metric, kurto-
sis metric, and DSD metric. It will be understood that any
number of sets of morphology metric values may be received,
and that the types of morphology metrics may be any suitable
metrics as described herein. In an exemplary embodiment, at
step 2202 processor 314 may derive a down metric signal as
described herein, including attenuating outliers, interpolating
the samples to generate a signal, band pass filtering the signal,
and downsampling. Processor 314 may also generate a kur-
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tosis metric signal at step 2204 and a DSD metric signal at
step 2206 in a similar manner.

[0170] At steps 2208, 2210, and 2212 an autocorrelation
sequence may be generated for each morphology metric sig-
nal, e.g., the down metric signal, kurtosis metric signal, and
DSD metric signal, respectively. Autocorrelation s the cross-
correlation of a signal with itself, and to the extent that the
underlying signal includes regular or repeating patterns the
peaks ofthe autocorrelation may correspond to periodic com-
ponents of the underlying signal. The autocorrelations of the
morphology metric signals may be utilized to determine res-
piration information such as respiration rate as described
herein. However, a single autocorrelation sequence corre-
sponding to a single autocorrelation metric may not provide
sufficient information to determine the respiration informa-
tion with a desired accuracy or certainty. Accordingly, a plu-
rality of autocorrelation sequences corresponding to respec-
tive morphology metric signals may be utilized to determine
respiration information. The formula for the autocorrelation
1s the following:

R, (m)=X, x(m)x(n-m), form=-M, ..., M

where:

S=the signal support of the finite segment;

M=the maximum lag computed for the autocorrelation.
[0171] For real signals with a maximum point located at the
central point of the autocorrelation (i.e., where the signal is
being compared directly with itself without any time lag) the
autocorrelation sequence may be symmetric about the central
point. Accordingly, it may be possible to calculate the auto-
correlation for one half of the overall lag about zero (e.g,,
from -M to 0, or from 0 to M) and duplicate the result about
the central point. Accordingly, the autocorrelation sequence
may be calculated as follows:

min(maxiL—m,0),L)

xn+mxn) form=0,.. , M
Ry (m) = =0
Rux(—m), form=-M,...,-1
[0172] At steps 2214, 2216, and 2218 an autocorrelation

metric may be calculated for each of the autocorrelation
sequences, which in an exemplary embodiment may be a
down metric autocorrelation sequence, kurtosis metric auto-
correlation sequence, and DSD metric autocorrelation
sequence. An autocorrelation metric may quantify the regu-
larity or periodicity of the underlying morphology metric
signal based on the autocorrelation sequence. FIG. 23 depicts
an exemplary autocorrelation sequence 2302. The abscissa of
FIG. 23 is in units of seconds and spans an exemplary 45
second analysis window for a complete autocorrelation
sequence, while the ordinate may represent the magnitude of
the autocorrelation sequence. As described above, the auto-
correlation sequence may be symmetric about the central or
maximum point.

[0173] The central point of the autocorrelation sequence
corresponds to the underlying morphology signal compared
with itself without a time lag. The remaining points of the
autocorrelation sequence may indicate the regularity or peri-
odicity of the signal. It will be understood that any suitable
analysis of the autocorrelation signal may be performed to
analyze the regularity or periodicity of the underlying signal.
For example, the autocorrelation sequence will have larger
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magnitude (positive or negative) repeating peaks if a signal is
regular or periodic. Accordingly, the peaks may be utilized to
calculate an autocorrelation metric which is representative of
the regularity or periodicity of the morphology metric signal.
In an exemplary embodiment the first four local minima
2304, 2306, 2308, and 2310 to the right of the central point
may be selected. Because the autocorrelation sequence is
symmetric, local minima to the left of the central point should
be identical. If there are fewer than four local minima (e.g.,
due to a low respiration rate or if the usable portion of the
morphology metric signal is limited) then all of the local
minima to the right of the central point may be used to cal-
culate the autocorrelation metric.

[0174] In an exemplary embodiment the local minima
2304, 2306, 2308, and 2310 may be normalized in any suit-
able manner, e.g., by dividing the magnitude of each of local
minima 2304, 2306, 2308, and 2310 by the magnitude of the
central point. A threshold may be calculated in any suitable
manner. Any normalized local minima that do not exceed a
threshold may be discarded. It will be understood that the
autocorrelation metric may be calculated in any suitable man-
ner from the normalized minima. For example, the resulting
normalized local minima may be averaged to calculate the
autocorrelation metric. An autocorrelation metric may be cal-
culated in this manner for each autocorrelation sequence.

[0175] Referring again to FIG. 22A, once the autocorrela-
tion metrics are calculated at steps 2214, 2216, and 2218,
each of the autocorrelation sequences may be filtered with
previous filtered autocorrelation sequences 2226, 2228, and
2230 at steps 2220, 2222, and 2224. Exemplary previous
filtered autocorrelation sequences 2226, 2228, and 2230 may
be the filtered autocorrelation sequences for a previous set of
received data, e.g., the 45 second analysis window estab-
lished by the previous 5 seconds of received PPG data. Fil-
tering of the autocorrelation sequences may be performed in
any suitable manner. In an exemplary embodiment, processor
314 may calculate a filter weight for each autocorrelation
sequence based on the autocorrelation metric and a time ratio.
The time ratio may be based on the length of the usable
portion of the analysis window divided by the length of the
analysis window. The filter weight may be calculated for each
autocorrelation sequence by multiplying each autocorrela-
tion metric and the time ratio. If the resulting filter weight
exceeds a predetermined limit such as 1, the filter weight may
be set to the predetermined limit. In addition, because the
filter is an infinite impulse response filter, the filter weight
(wt) may be phased in during startup. The filter weight may be
phased in using any suitable technique, such as the following:

1
wt = ma:{wt, - ]
number of points processed

[0176] For example, for the first point to be processed, the
weight will be set to 1, since the filter weight is also limited to
1. For the second point, the filter weight will be compared to
0.5, and so on until the filter weight exceeds the threshold and
is used to calculate the remaining points of the filtered auto-
correlation sequence. Once the filter weight is calculated,
each point of the autocorrelation sequence may filtered in an
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infinite impulse response filter with the corresponding value
from the previous filtered correlation sequence as follows:

FilteredSeq=wi*NewSeq+(1-wr)*PrevSeq

where:

FilteredSeq=Filtered Autocorrelation Sequence;

[0177] wt=Filter Weight;

NewSeq=Autocorrelation Sequence;

PrevSeq=Previous Filtered Autocorrelation Sequence.

[0178] Processor 314 may also calculate a sequence age for
each filtered autocorrelation sequence. The sequence age may
be calculated in any suitable manner. In an exemplary
embodiment, the sequence age may be based on the filter
weight, the age of the previous filtered autocorrelation
sequence, and the age of the autocorrelation sequence as
follows:

SequenceAge=wr*CurrentAge+(1-wt)*PrevAge

where:

SequenceAge=Filtered Autocorrelation Sequence Age;

[0179] wt=Filter Weight;

CurrentAge=Autocorrelation Sequence Age;

PrevAge=Previous Filtered Autocorrelation Sequence Age.

[0180] Once the filtered autocorrelation sequences and cor-
responded sequence ages have been calculation, processing
may comntinue as depicted in FIG. 22B. Processor 314 may
calculate a combination weight for each of the filtered auto-
correlation sequences at steps 2232, 2234, and 2236. Each of
the filtered autocorrelation sequences may be based on a
different morphology metric signal and each morphology
metric signal captures respiration information in a different
manner. A combination weight for each filtered autocorrela-
tion sequence may be calculated to adjust the relative empha-
sis of each of the filtered autocorrelation sequences in calcu-
lating respiration information. The combination weight may
be calculated in any suitable manner to modify the relative
weight of each of a plurality of autocorrelation sequences in
amanner to accurately determine respiration information. In
an exemplary embodiment a combination weight may be
representative of the regularity of the autocorrelation metric
as well as consistency of the filtered autocorrelation sequence
over time. For each filtered autocorrelation sequence the
weight of the current sequence (w,,,,,) may be calculated
based on the autocorrelation metric and a Pearson correlation
coefficient:

W~ 47112

where:

A =autocorrelation metric;

r=Pearson correlation coefficient.

[0181] The Pearson correlation coefficient may be calcu-
lated as follows:

n

1 X -X\Y-Y
r_n—l Sx Sy

where:
X=current filtered autocorrelation sequence;
Y=previous filtered autocorrelation sequence;




US 2015/0366516 A1l

Sy, S,=sample standard deviation; and
X, Y=sample mean.

X -X\Y;-7)
= standard score
SX Sy

[0182] Once the weight of the current sequence is calcu-
lated, the combination weight may be calculated as follows:

we=(b*w, . +(1-b)*wc,,. ) ¥ Ratio

Cprev.
where:

w~combination weight;
W,,.,.=~weight of the current sequence;

W prev-Weight of the previous sequence;

b=0.01*tRatio; and

tRatio=time ratio.

[0183] A combination weight w_, for the filtered autocor-
relation sequence associated with the down metric signal may
be calculated at step 2232, a combination weight w_ .- for the
filtered autocorrelation sequence associated with the kurtosis
metric signal may be calculated at step 2234, and a combina-
tion weight w__n,¢, for the filtered autocorrelation sequence
associated with the DSD metric signal may be calculated at
step 2236. It will be understood that an autocorrelation metric
may be calculated in a similar manner for any other autocor-
relation sequence associated with any other morphology met-
ric. At step 2238, processor 314 may generate a combined
autocorrelation sequence from the filtered autocorrelation
sequences based on the combination weights. For example,
the combined autocorrelation sequence may be generated
according to the following:

We-p #Sp + We-g # Sk +We-psp #Spsp)

Combined Sequence =
(We-p +Wc—k + Wc-psp)

where:

W .p=combination weight for down metric sequence;

W o_—combination weight for kurtosis sequence;

W psp=combination weight for DSD sequence;
S=filtered down sequence;

S ~filtered kurtosis sequence; and

Spsp=filtered DSD sequence.

[0184] Processor 314 may calculate a combined autocorre-
lation age for the combined autocorrelation sequence. The
combined autocorrelation age may be calculated in any suit-
able manner. In an exemplary embodiment the combined
autocorrelation age may be based on the previously calcu-
lated signal age and combination weight for each of the auto-
correlation sequences as follows:

(we-p * Agep +we-g = Ageg + we-psp * Agepsp)
(We-p +We-g +Wc-psp)

CombinedAge =

where:

W _p=combination weight for down metric sequence;
W —combination weight for kurtosis sequence;

W psp=combination weight for DSD sequence;
Age,=age of down sequence;

Age,=age of kurtosis sequence; and

Agengp=age of DSD sequence.
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[0185] At step 2240 processor 314 may derive respiration
information from the combined autocorrelation sequence.
Respiration information may be derived from the combined
autocorrelation sequence in any suitable manner. In one
exemplary embodiment of deriving respiration information
from the combined autocorrelation sequence, processor 314
may utilize a wavelet transform to derive respiration infor-
mation. Although a number of wavelet parameters may be
utilized to derive respiration information from the combined
autocorrelation sequence, exemplary parameters are
described below. An exemplary wavelet transform method
may be a continuous wavelet transform and an exemplary
wavelet may be a real Morlet wavelet. Scale parameters may
be selected in any manner that captures respiration informa-
tion. For example, a characteristic frequency range may be
selected based on a range of frequency for respiration, such as
0.05 Hz (3 breaths per minute) to 1.0 Hz (60 breaths per
minute). The scale resolution may be selected to determine
the number of scales that are generated by the continuous
wavelet transform. A smaller scale resolution (i.e., a larger
number of scales corresponding to the characteristic fre-
quency range of the corresponding wavelets) may be more
computationally intensive but may yield greater accuracy in
deriving respiration information. In an exemplary embodi-
ment 60 scales may correspond to the characteristic fre-
quency range of the corresponding wavelets.

[0186] Steps for generating a scalogram from the combined
autocorrelation sequence are depicted in FIG. 24. In the dis-
cussion of the technology which follows herein, the “scalo-
gram” may be taken to include all suitable forms of rescaling
including, but not limited to, the original unscaled wavelet
representation, linear rescaling, any power of the modulus of
the wavelet transform, or any other suitable resealing. In
addition, for purposes of clarity and conciseness, the term
“scalogram” shall be taken to mean the wavelet transform,
T(a,b) itself, or any part thereof. For example, the real part of
the wavelet transform, the imaginary part of the wavelet trans-
form, the phase of the wavelet transform, any other suitable
part of the wavelet transform, or any combination thereof is
intended to be conveyed by the term “scalogram.” The steps
described are exemplary only, and it will be understood that
some of the steps may be rearranged or omitted, and that
additional steps may be added. These steps may be repeated
for each scale to generate the scalogram. It will be understood
that the term scalogrma may refer to any suitable scalogram
or modification thereof, e.g., a combined sum scalogram or
sum scalogram vector as described herein. Although the steps
of FIG. 24 are described as being performed by processor
314, it will be understood that one or more of pre-processor
312, post-processor 316, or other processing circuitry may
perform some or all of the processing steps. At step 2402,
processor 314 may select the scale to be generated. In an
exemplary embodiment, the first scale may be associated with
the highest characteristic frequency of the characteristic fre-
quency range, e.g., 1.0 Hz. At step 2404, processor 314 may
perform cyclic padding on the combined autocorrelation
sequence.

[0187] Cyclical padding is depicted in more detail in FIG.
25. Signal 2502 may represent the combined autocorrelation
sequence. It may be desirable to provide padding on either or
both sides of signal 2502 for purposes of performing the
wavelet transform, e.g., to account for edge effects when
performing a convolution with the mother wavelet. Padding
may be performed in any suitable manner. In an exemplary
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embodiment, padding may be performed by repeating a por-
tion ofthe original signal and attaching the repeated portion to
the signal. For example, padding 2504 may correspond to the
later samples of signal 2502 and may attach to the beginning
of signal 2502. In an exemplary embodiment padding 2504
may be equal to the final 50% of signal 2502. Padding 2506
may correspond to the earlier samples of signal 2502 and may
attach to the end of signal 2502. In an exemplary embodiment
padding 2506 may be equal to the initial 50% of signal 2502.
[0188] It may also be desirable to dynamically scale the
padding to correspond to the length of the wavelet. Dynamic
scaling may be performed in any suitable manner to modify
the padding length relative to the wavelet length. The wavelet
length increases with higher scale values. Accordingly, in an
exemplary embodiment, for each scale value a new pad length
may be calculated and a new padded signal created based on
the wavelet length. For example, an original signal of length
N may be expressed as follows:

x=x(0)x(1)x(2), ... x(N-1)]

[0189] If m represents the amount of padding, the signal
with padding may be expressed as follows:
= W=m) x(N-m+1), . aWN-Dx0)x(L), . . x(V-
Dx@x(1). .. x(m-1)]
[0190] Theresulting signal length L for the padded signal is
2*m+N. Dynamic scaling may modify the m term based on
the wavelet length. In an exemplary embodiment, the padding
length may be equal to 50% of the wavelet length. It will be
understood that other relationships between the padding
length and wavelet length may be selected.
[0191] Referring again to FIG. 24, at step 2406 processor
314 may perform a wavelet transform such as a continuous
wavelet transform. The continuous wavelet transform of a

signal x(t) in accordance with the present disclosure may be
defined as:

1 °° -b
T(a, b) = —,_f x(t)w*(—]dt
Va J-w a

where:

a=scale value;

b=shift parameter; and

J(ty=wavelet function and * denotes complex conjugate.
[0192] In an embodiment the wavelet transform may be
defined as:

where:

AT=sampling interval;

X,,.,,—padded combined autocorrelation sequence; and
S=support of the signal.

[0193] Ifa real Morlet wavelet is used, it may not be nec-
essary to utilize the complex conjugate of the wavelet func-
tion.

[0194] FIG. 26 depicts aspects of the convolution of the
padded combined autocorrelation sequence 2602 with the
wavelet function 2604. It will be understood that convolution
of the padded combined autocorrelation sequence 260 with
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the wavelet function 2604 may be performed in any suitable
manner. In an exemplary embodiment, padded combined
autocorrelation sequence 2602 may have N samples and
wavelet function 2604 may have M samples. The convolution
may be depicted as the padded combined autocorrelation
sequence 2602 incrementally translating across the wavelet
function 2604 and being combined where the functions over-
lap at each translation point. Region 1 of FIG. 26 depicts an
example of a first region where there is not complete overlap
between the signals, i.e., the first M-1 samples of the convo-
lution. Region 2 of FIG. 26 depicts examples of a second
region in which there is complete overlap of the signals, i.e.,
the M through N-1 samples of the convolution. Region 3 of
FIG. 26 depicts an example of a third region where there is not
complete overlap between the signals, i.e., the N through
M+N-2 samples of the convolution.

[0195] At the edges of the convolution (e.g., some or all of
regions 1 and 3 as described above) there may be an undesir-
able edge effect. The high fidelity portion of the convolution
result may be located in the central portion of the convolution.
It will be understood that the edge effect may be compensated
for in any suitable manner. In an exemplary embodiment,
only some portion of the central portion of the signal may be
selected for the convolution result, such as the middle N
samples or the portion of the samples corresponding to the
combined autocorrelation sequence prior to padding. In the
latter example, any edge effects may occur only for the pad-
ded portions of the combined autocorrelation sequence based
on the pad size being equivalent to one half of the wavelet
size. For ease of calculation, only the desired portions of the
convolution may be calculated.

[0196] Referring again to FIG. 24, the result of the convo-
lution may be summed to generate a sum scalogram corre-
sponding to the particular scale at step 2408. It will be under-
stood that the sum scalogram may be calculated in any
suitable manner. The sum scalogram may be utilized to deter-
mine respiration information as described herein. At step
2410, processor 314 may determine if there are additional
scales to process. If so, another scale may be selected at step
2402 and the process may repeat until all scales are processed.
The result may be a combined sum scalogram.

[0197] Referring again to FIG. 22B, once the continuous
wavelet transform has been performed and the combined sum
scalogram generated, processor 314 may estimate respiration
information at step 2242. It will be understood that respiration
information may be estimated form the combined sum scalo-
gram in any suitable manner. In an exemplary embodiment,
processor 314 may sum across all scales ofthe combined sum
scalogram to create a sum scalogram vector. The sum scalo-
gram vector may be normalized, e.g., such that the scale
having the highest energy has a value of 1.

[0198] FIG. 27 depicts exemplary steps for determining
respiration information from the sum scalogram vector. It will
be understood that the order of the steps of FIG. 27 may be
modified, steps may be omitted, and additional steps may be
added. At step 2702, a threshold may be calculated for the
sum scalogram vector. The threshold may be calculated in any
suitable manner. In an exemplary embodiment, the threshold
may be based on the maximum value in the combined sum
scalogram, e.g., at 50% of the maximum value. At step 2704,
processor 314 may identify candidate scales from the sum
scalogram vector based on the threshold. For example, each
local maxima of the sum scalogram vector may be compared
to threshold. Only the local maxima that exceed the threshold
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may be candidate scales. Any local maxima that do not exceed
the threshold may be disregarded.

[0199] At step 2706, processor 314 may select the candi-
date scale to be used to determine respiration information. It
will be understood that the candidate scale may be selected in
any suitable manner. In an exemplary embodiment, the
selected scale may be the lowest scale value that exceeds the
threshold. At step 2708, respiration information such as res-
piration rate may be calculated from the selected scale. In the
exemplary embodiment described above the scales may cor-
respond to the characteristic frequency of the corresponding
wavelets, e.g., a characteristic frequency range of 0.05 Hz-1.0
Hz. A scale value of zero may correspond to a minimum pulse
period (e.g., corresponding to a characteristic frequency of
1.0 Hz for the corresponding wavelet) while a scale value of
60 may correspond to a maximum pulse period (e.g., corre-
sponding to a characteristic frequency of 0.05 Hz for the
corresponding wavelet). The pulse period for the selected
scale may be calculated based on the maximum or minimum
pulse period, the scale number, and the scale interval. For
example, a scale value of 50 may correspond to a pulse period
0f4.73 seconds, which may be equivalent to 12.66 breaths per
minute.

[0200] In another embodiment, respiration information
may be calculated based on identifying suitable portions (e.g.,
peaks) of the combined autocorrelation signal. At steps 2240
and 2242, processor 314 may determine respiration informa-
tion directly from the combined autocorrelation sequence.
Respiration information may be determined from the com-
bined autocorrelation sequence in any suitable manner. In an
exemplary embodiment, respiration information may be
determined from the combined autocorrelation sequence
based on the steps of FIG. 28. At step 2802, processor 314
may set parameters for determining respiration information
from the combined autocorrelation sequence. Exemplary
combined autocorrelation sequences are depicted in FIG. 29,
FIG. 30, and FIG. 31. The combined autocorrelation
sequence may be symmetric about the point where the
sequence directly overlaps with itself, i.e., the right side and
left side of the combined autocorrelation sequence may be the
same. Determination of respiration information may be sim-
plified by looking only at one side of the combined autocor-
relation sequence, e.g., the right side as is depicted in FIG. 29,
FIG. 30, and FIG. 31. The abscissa of each of FIG. 29, FIG.
30, and F1G. 31 may be in units of time, and the ordinate may
be in units of amplitude.

[0201] FIG. 29 depicts an exemplary combined autocorre-
lation sequence 2902 that may be directly analyzed to detet-
mine respiration information. The combined autocorrelation
sequence 2902 may have a series of peaks that appear at
regular intervals and decrease in magnitude over time. Line
2904 may be indicative of a rate of decay of the combined
autocorrelation sequence 2902 and may define an expected
autocorrelation envelope. The peaks of the combined auto-
correlation sequence 2902 may roughly align with the rate of
decay, which may be indicative of a signal from which respi-
ration information may be accurately determined.

[0202] FIG. 30 depicts an exemplary combined autocorre-
lation sequence 3002 that may be directly analyzed to deter-
mine respiration information. The combined autocorrelation
sequence 3002 may have a series of peaks that appear at
regular intervals and decrease in magnitude over time. Line
3004 may be indicative of a baseline rate of decay of a
combined autocorrelation sequence and may define an
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expected autocorrelation envelope, which does not corre-
spond to the rate of decay of combined autocorrelation
sequence 3002. The lower magnitude peaks are indicative of
a signal that does not have significant periodic characteristics
over the analysis window, and may not be suitable for deter-
mining respiration information. It will be understood that
there may be many reasons that the underlying signal does not
display significant periodic characteristics, for example the
signal may have a significant source of nonstationarity, e.g,,
as a result of step change, phase irregularity, or a gradual
change in respiration rate.

[0203] FIG. 31 depicts an exemplary combined autocorre-
lation sequence 3102 that may be directly analyzed to deter-
mine respiration information. The combined autocorrelation
sequence 3102 may have a series of peaks that appear at
regular intervals and decrease in magnitude over time. Line
3104 may be indicative of a baseline rate of decay of a
combined autocorrelation sequence and may define an
expected autocorrelation envelope, which may correspond to
anumber of the peaks of combined autocorrelation sequence
3102. Other peaks, which are indicated by points 3106 and
3108, may be indicative of harmonic components of com-
bined autocorrelation sequence 3102.

[0204] Referring again to FIG. 28, at step 2802 processor
314 may set parameters for determining respiration informa-
tion from the combined autocorrelation sequence. It will be
understood that there are numerous parameters that may be
set such as thresholds and relevant ranges of interest. It will
also be understood that such parameters may be set in any
suitable manner to improve the determination of respiration
information. In one exemplary embodiment a threshold may
be set for the magnitude of the peaks that may be considered
to determine respiration information. A threshold may be set
such that peaks corresponding to harmonics (e.g., peaks 3106
and 3108 of FIG. 31) and low magnitude peaks of signals that
are irregular or non-periodic (e.g., signal 3002 of FIG. 30) are
ignored for determining respiration information. Exemplary
thresholds are depicted as threshold 2906 in FIG. 29, thresh-
old 3006 in FIG. 30, and threshold 3110 in FIG. 31. The
threshold may correspond to a maximum amplitude as
depicted by thresholds 2906, 3006, and 3110, may be values
that may be compared to amplitude differences (e.g., in a peak
to trough embodiment described herein, or may be deter-
mined in any other suitable manner. Harmonic peaks may not
correspond to respiration information (respiration rate),
while irregular or non-periodic signals may not have a signal
that accurately captures respiration information. Setting a
threshold may avoid choosing such peaks. Other amplitude
thresholds may also be set, such as a difference threshold for
two consecutive peaks. For example, a difference threshold
may require that for a peak to be considered for purposes of
determining respiration information, the amplitude of the
peak must exceed the amplitude of the subsequent peak by at
least a threshold, e.g., 70%. In another exemplary embodi-
ment a difference threshold may be set based on the expected
decay characteristics of the combined autocorrelation
sequernce.

[0205] Another exemplary parameter may be a relevant
range of interest, e.g. on the time scale of the combined
autocorrelation sequence. The peaks of the combined auto-
correlation sequence may correspond to instances where the
underlying signal (e.g., a morphology metric signal) has been
translated in time and is similar to itself, which may demon-
strate a periodic or regular signal. Thus the time between
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peaks that are representative of the respiration information
may be equivalent to the period of the respiration, which may
be utilized to determine respiration rate (e.g. the frequency of
respiration). In an exemplary embodiment a range of interest
may be set to correspond to a respiration rate, such as from 4
to 40 breaths per minute. An exemplary range of interest is
depicted as range of interest 2908 in FIG. 29, range of interest
3008 in F1G. 30, and range of interest 3112 in FIG. 31. It will
be understood that the range of interest may be set in any
suitable manner. For example, in another embodiment the
range of interest may be based upon a maximum time
between any two consecutive peaks.

[0206] Referring again to FIG. 28, at step 2804 processor
314 may identify harmonics and outliers. As was discussed
above, a threshold may exclude many harmonic or outlying
values because the magnitude of the autocorrelation is less
likely to exceed the threshold at such points. In another exem-
plary embodiment harmonics may be identified based on
expected harmonic values. A largest peak of the combined
autocorrelation sequence may be likely to correspond to res-
piration information. Other peaks may occur at intervals that
would be expected to be harmonics, e.g., at approximately
50% of the time of the largest peak. For example, in FIG. 31
a largest peak may correspond to point 3114. Other peaks at
points 3106 and 3108 may approximately correspond to 50%
of the period associated with largest peak 3114 and may be
classified as likely harmonic peaks. Any harmonic peaks or
other outliers that are identified may be excluded from con-
sideration as potential selected peaks.

[0207] At step 2806 processor 314 may select a peak asso-
ciated with a respiration rate. It will be understood that select-
ing the peak may be performed in any suitable manner, such
as selecting the first peak to the right of the vertical axis or a
maximum peak value, e.g., peak 2910 in FIG. 29. In another
exemplary embodiment, selecting the peak may be based on
any parameters that were set in step 2802 such as a threshold
and a range of interest. For example, peak 2910 in FIG. 29
may exceed threshold 2906 and be within a range of interest
2908, peak 3114 may exceed threshold 3110 and be within
range of interest 3112, and there may be no peak of combined
autocorrelation sequence 3002 that exceeds threshold 2906
within range of interest 2908. Selecting the peak within a
range of interest may be performed in any suitable manner,
such as selecting the first peak within the range of interest or
selecting the peak with the largest amplitude.

[0208] In another exemplary embodiment, analysis of the
peaks may be based on the peak to trough amplitude of the
peak. The peak to trough amplitude may be based on any
suitable points. In one exemplary embodiment, a peak to
trough amplitude may be based on a selected peak and a
preceding trough, as is depicted in by amplitude 2914
between peak 2910 and trough 2912 in FIG. 29. In another
exemplary embodiment, a peak to trough amplitude may be
based on a selected peak and a subsequent trough, as is
depicted in by amplitude 2918 between peak 2910 and trough
2916 in FIG. 29. In another exemplary embodiment, a peak to
trough amplitude may be based on a selected peak and a
midpoint trough associated with the peak, as is depicted in by
amplitude 2922 between peak 2910 and midpoint trough
2920 in FIG. 29. Once the peak to trough amplitude is deter-
mined for the peak, selecting a peak corresponding to respi-
ration information may be performed in any suitable manner,
such as comparing the amplitude of each peak within a range
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of interest to a threshold, and selecting a peak based on
amplitude or relative position.

[0209] At step 2808, processor 314 may determine respi-
ration information such as respiration rate based on the
selected peak. It will be understood that respiration informa-
tion may be determined in any suitable manner. In an exem-
plary embodiment the time value associated with the selected
peak may be related to the period for respiration, which may
be used to determine respiration information such as respira-
tion rate. In another exemplary embodiment, one or more
time differences between a selected peak and one or more
other peaks may be related to the period for respiration, which
may be used to determine respiration information such as
respiration rate. Processor 314 may also calculate a confi-
dence value associated with the determined respiration infor-
mation. For example, a best fit line may be generated for the
peaks of the combined autocorrelation sequence. The confi-
dence value may be determined based on the variability of the
best fit line in any suitable manner, such as based on a R?
residual sum. In another exemplary embodiment processor
314 may assess the distribution of the time between adjacent
peaks of the combined autocorrelation sequence. A higher
variability for the distribution may be indicative of a lower
confidence value.

[0210] Referring again to FIG. 22, the calculated respira-
tion information (e.g., respiration rate) may be filtered at step
2244. A combined autocorrelation metric may be calculated
for the combined autocorrelation sequence in the same man-
ner as the individual autocorrelation sequences, e.g., based on
four local minima values as described herein. The filter may
utilize the combined autocorrelation metric to determine how
much weight to place on the value of the current respiration
information versus a previous value of filtered respiration
information. The more regular the combined autocorrelation
sequence, the more emphasis may be placed on the current
respiration information. The filtered respiration information
may be calculated as follows:

Rg=R,,*R

i Rt (1R, ) * R

where:

R, ~filtered respiration information;

R,,,=combined autocorrelation metric;

R, =calculated respiration information; and

R';;~Previous filtered respiration information.

[0211] It will be recognized that filtering the value of the
current respiration information with previous values of res-
piration information may be performed in any suitable man-
ner. For example, a combined autocorrelation value may be
calculated utilizing local maxima values or other parameters
of the combined autocorrelation signal.

[0212] The combined autocorrelation metric may also be
utilized to calculate an age for the filtered respiration infor-
mation in any suitable manner. For example, the age may be
calculated based on the combined autocorrelation age (calcu-
lated above) and the previous filtered respiration age as fol-
lows:

R,..=R,,*CombinedAge+(1-R,,)* R’

age age
where:

R, .. ~filtered respiration age;

R, =combined autocorrelation metric;

CombinedAge=age of combined autocorrelation sequence;
R's,=previous filtered respiration age.

[0213] Processor 314 may communicate information to
post-processor 316, such as the filtered respiration informa-
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tion, filtered respiration age, and the time ratio. In an exem-
plary embodiment, post-processor 316 may calculate a dis-
play value from the value of current filtered respiration
information and values for previous filtered respiration infor-
mation.

[0214] In an exemplary embodiment, post-processor 316
may receive the filtered respiration information, filtered res-
piration age, and time ratio from processor 314. Post-proces-
sor 316 may also receive period variability and amplitude
variability values from pre-processor 312. Post-processor
316 may generate display respiration information in any suit-
able manner. For example, display information may be based
on the currently received information. In another example,
the display information may be based on the received infor-
mation as well as previously received information. In an
exemplary embodiment, post-processor 316 may calculate
the display respiration information from the filtered respira-
tion information for the current analysis window and filtered
respiration information for one or more previous analysis
windows, e.g., the five previous analysis windows. A weight
for each analysis window may be calculated from the period
variability and amplitude variability for that analysis window
as follows:

Puar(k) = Aver(k)
2
w(k) = 1 — min(w(k), I)

wik) =
wik) = wik)*®

where:

P, period variability;

A, ,—amplitude variability; and

k=analysis window of the N total analysis windows, in

ascending order from most recent analysis window to oldest
analysis window.

[0215] Once a weight is calculated for each respective
analysis window, the display value can be calculated by com-
bining the values for the filtered respiration information based
on the calculated weights as follows:

N-1

D wOR (k)
Display Value = l:’vi

-1
2 wik)
=0

where:
w(k)=weight for the kth analysis window;

Ry, ~filtered respiration information for the kth analysis win-
dow; and

N=total number of analysis windows in display value calcu-
lation.

[0216] The display value may be displayed, e.g., at display
28 of display monitor 26 as a respiration rate value.
[0217] Post-processor 316 may also calculate an age for the

display value based on the weight and filtered respiration age
associated with each analysis window as follows:
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N-1
3 W Rogelk) + 5k)
k=

Display Age = =

T wik)

k=0

where:
w(k)=weight for the kth analysis window;
R, .. ~filtered respiration age for the kth analysis window;
N=total number of analysis windows in display value calcu-
lation.
[0218] The 5*k term takes into account that the filtered
respiration age values associated with previous analysis win-
dows have aged since the values were initially determined. Tt
will be recognized that the display value and display age may
be calculated in any suitable manner.
[0219] The foregoing is merely illustrative of the principles
of this disclosure and various modifications may be made by
those skilled in the art without departing from the scope of
this disclosure. The above described embodiments are pre-
sented for purposes of illustration and not of limitation. The
present disclosure also can take many forms other than those
explicitly described herein. Accordingly, it is emphasized that
this disclosure is not limited to the explicitly disclosed meth-
ods, systems, and apparatuses, but is intended to include
variations to and modifications thereof, which are within the
spirit of the following clairs.
What is claimed is:
1. A pulse oximetry monitoring system for processing
physiological information of a subject, comprising:
a pulse oximeter comprising:
a pulse oximetry sensor input configured to be coupled
to a pulse oximetry sensor, the pulse oximetry sensor
configured to detect light attenuated by the subject
and generate a photoplethysmograph (PPG) signal,
which is received by the pulse oximetry sensor input;
a microprocessor coupled to the pulse oximetry sensor
input and configured to:
generate a plurality of morphology signals based on
the PPG signal, wherein each of the plurality of
morphology signals is indicative of a respective
morphology of the PPG signal,

generate a first autocorrelation sequence for a first
morphology signal of the plurality of morphology
signals,

generate a second autocorrelation sequence for a sec-
ond morphology signal of the plurality of morphol-
ogy signals,

combine at least the first autocorrelation sequence and
the second autocorrelation sequence into a com-
bined autocorrelation sequence, and

determine a respiration rate from the combined auto-
correlation sequence; and

a display on which information indicative of the respi-
ration rate is displayed.

2. The pulse oximetry monitoring system of claim 1,
wherein the microprocessor is further configured to calculate
a combination weight for each autocorrelation sequence of
the plurality of autocorrelation sequences and to generate the
combined autocorrelation sequence based at least on the com-
bination weights of the first autocorrelation sequence and the
second autocorrelation sequence.
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3. The pulse oximetry monitoring system of claim 1,
wherein the microprocessor is further configured to generate
a confidence value based on the combined autocorrelation
sequence.

4. The pulse oximetry monitoring system of claim 3,
wherein the confidence value is based on a residual sum of a
best fit of the combined autocorrelation sequence.

5. The pulse oximetry monitoring system of claim 3,
wherein the confidence value is based on a time distribution of
the combined autocorrelation sequence.

6. The pulse oximetry monitoring system of claim 1,
wherein the plurality of morphology signals comprises at
least one of down signal, kurtosis signal, delta of second
derivative signal, skew signal, enter of gravity signal, and area
of a pulse signal.

7. The pulse oximetry monitoring system of claim 1,
wherein the determining the respiration rate from the com-
bined autocorrelation sequence comprises performing a
wavelet transform of the combined autocorrelation sequence.

8. The pulse oximetry monitoring system of claim 1,
wherein the combined autocorrelation sequence is based on a
signal age of the first autocorrelation sequence and a signal
age of the second autocorrelation sequence.

9. A method for processing physiological information of a
subject by a pulse oximeter, comprising;

receiving, using a pulse oximeter, a photoplethysmograph

(PPG) signal from a pulse oximetry sensor, wherein the
pulse oximetry sensor is configured to detect light
attenuated by the subject;

generating, using the pulse oximeter, a plurality of mor-

phology signals based on the PPG signal, wherein each
of the plurality of morphology signals is indicative of a
respective morphology of the PPG signal;

generating, using the pulse oximeter, a first autocorrelation

sequence for a first morphology signal of the plurality of
morphology signals;

generating, using the pulse oximeter, a second autocorre-

lation sequence for a second morphology signal of the
plurality of morphology signals;

combining, using the pulse oximeter, at least the first auto-

correlation sequence and the second autocorrelation
sequence into a combined autocorrelation sequence;
determining, using the pulse oximeter, a respiration rate
from the combined autocorrelation sequence; and
displaying, using a display, information indicative of the
respiration rate.

10. The method of claim 9, further comprising:

calculating, using the pulse oximeter, a combination

weight for each autocorrelation sequence of the plurality
of autocorrelation sequernces; and

generating, using the pulse oximeter, the combined auto-

correlation sequence based at least on the combination
weights of the first autocorrelation sequence and the
second autocorrelation sequence.

11. The method of claim 9, further comprising generating,
using the pulse oximeter, a confidence value based on the
combined autocorrelation sequence.

12. The method of claim 11, wherein the confidence value
is based on a residual sum of a best fit of the combined
autocorrelation sequence.
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13. The method of claim 11, wherein the confidence value
is based on a time distribution of the combined autocorrela-
tion sequence.

14. The method of claim 9, wherein the plurality of mor-
phology signals comprises at least one of down signal, kur-
tosis signal, delta of second derivative signal, skew signal,
enter of gravity signal, and area of a pulse signal.

15. The method of claim 9, wherein determining the res-
piration rate from the combined autocorrelation sequence
comprises performing a wavelet transform of the combined
autocorrelation sequence.

16. The method of claim 9, wherein the combined autocor-
relation sequence is based on a signal age of the first autocor-
relation sequence and a signal age of the second autocorrela-
tion sequence.

17. A non-transitory computer-readable medium for use in
processing physiological information of a subject, the non-
transitory computer-readable medium comprising:

computer program instructions recorded thereon for caus-

ing a pulse oximeter to:

receive a photoplethysmograph (PPG) signal from a
pulse oximetry sensor, wherein the pulse oximetry
sensor is configured to detect light attenuated by the
subject;

generate a plurality of morphology signals based on the
PPG signal, wherein each of the plurality of morphol-
ogy signals is indicative of a respective morphology
of the PPG signal;

generate a first autocorrelation sequences for a first mor-
phology signal of the plurality of morphology signals;

generate a second autocorrelation sequence for a second
morphology signal of the plurality of morphology
signals;

combine at least the first autocorrelation sequence and
the second autocorrelation sequence into a combined
autocorrelation sequence;

determine a respiration rate from the combined autocor-
relation sequence; and

display information indicative of the respiration rate on
a display.

18. The non-transitory computer-readable medium of
claim 17, further comprising computer program instructions
recorded thereon for causing the pulse oximeter to:

calculate a combination weight for each autocorrelation

sequence of the plurality of autocorrelation sequences;
and

generate the combined autocorrelation sequence based at

least on the combination weights of the first autocorre-
lation sequence and the second autocorrelation
sequence.

19. The non-transitory computer-readable medium of
claim 17, wherein the plurality of morphology signals com-
prises at least one of down signal, kurtosis signal, delta of
second derivative signal, skew signal, enter of gravity signal,
and area of a pulse signal.

20. The non-transitory computer-readable medium of
claim 17, wherein the combined autocorrelation sequence is
based on a signal age of the first autocorrelation sequence and
a signal age of the second autocorrelation sequence.
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