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SYSTEMS AND METHODS FOR DETECTING
HELD BREATH EVENTS

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] The present disclosure claims priority to U.S. Pro-
visional Application No. 61/896,538, filed on October 28,
2013, which is hereby incorporated by reference herein in its
entirety.

FIELD OF THE DISCLOSURE

[0002] The present disclosure relates to physiological sig-
nal processing, and more particularly relates to identifying
held breath events from a physiological signal.

SUMMARY

[0003] The present disclosure provides a computer-imple-
mented method comprising: receiving a photoplethysmo-
graph (PPG) signal; generating, using processing circuitry,
one ormore respirationmorphology signals based onthe PPG
signal; calculating, using the processing circuitry, a threshold
value for each of the one or more respiration morphology
signals; comparing, using the processing circuitry, data
indicative of each morphology signal to a respective one of
the threshold values; and identifying, using the processing
circuitry, a held breath event based at least on the comparing.
[0004] The present disclosure provides a system compris-
ing: an input for receiving a photoplethysmograph (PPG)
signal; and processing circuitry configured for: generating
oneormore respirationmorphology signals based on the PPG
signal, calculating a threshold value for each of the one or
more respiration morphology signals, comparing data indica-
tive of each morphology signal to a respective one of the
threshold values, and identifying a held breath event based at
least on the comparing.

[0005] The present disclosure provides a non-transitory
computer readable medium comprising instructions stored
therein for performing the method comprising: receiving a
photoplethysmograph (PPG) signal; generating one or more
respiration morphology signals based on the PPG signal,
calculating a threshold value for each of the one or more
respiration morphology signals; comparing data indicative of
each morphology signal to a respective one of the threshold
values; and identifying a held breath event based at least on
the comparing.

BRIEF DESCRIPTION OF THE FIGURES

[0006] 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:

[0007] FIG. 1 shows an illustrative patient monitoring sys-
tem in accordance with some embodiments of the present
disclosure;

[0008] 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;
[0009] FIG. 3 shows an illustrative PPG signal that is
modulated by respiration in accordance with some embodi-
ments of the present disclosure;
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[0010] FIG. 4 shows a comparison of portions of the illus-
trative PPG signal of FIG. 3 in accordance with some embodi-
ments of the present disclosure;

[0011] FIG. 5 shows an exemplary held breath event in
accordance with some embodiments of the present disclo-
sure;

[0012] FIG. 6 shows illustrative steps for identifying a held
breath event in accordance with some embodiments of the
present disclosure;

[0013] FIG. 7 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; and

[0014] FIG. 8 shows illustrative signals used in connection
with detecting held breath events in accordance with some
embodiments of the present disclosure.

DETAILED DESCRIPTION OF THE FIGURES

[0015] A physiological signal such as a photoplethysmo-
graph (PPG) signal may be indicative of pulsatile blood flow.
Pulsatile blood flow may be dependent on a number of physi-
ological functions such as cardiovascular function and respi-
ration. For example, the PPG signal may exhibit a periodic
component that generally corresponds to the heart beat of a
patient. This pulsatile component of the PPG signal may be
used to determine physiological parameters such as heart rate.
[0016] Respiration may also impact the pulsatile blood
flow that is indicated by the PPG signal. It may thus be
possible to calculate respiration information such as respira-
tion rate from the PPG signal. However, in some instances a
patient’s actions such as talking or holding of breath may
temporarily disrupt respiration, and thus the respiratory
modulations to the PPG signal. It may therefore be desirable
to identify patient actions such as held breath events when
determining respiration information such as respiration rate.
[0017] As with other respiration events, a held breath event
may result in changes to the pulsatile blood flow that is
indicated by the PPG signal. It may be desirable to identify
held breath events based on these changes to the blood flow
indicated by the PPG signal.

[0018] For purposes of clarity, the present disclosure is
written in the context of the physiological signal being a PPG
signal generated by a pulse oximetry system. It will be under-
stood that any other suitable physiological signal or any other
suitable system may be used in accordance with the teachings
of the present disclosure.

[0019] 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.

[0020] 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
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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-
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.

[0021] 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.

[0022] 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:

10u=Lo(Mexp(=(sBo(2)+(1-5)B,()HD) M
where:
[0023] A=wavelength;
[0024] t=time;
[0025] I=intensity of light detected:
[0026] I,=intensity of light transmitted,
[0027] S=oxygen saturation;
[0028] p,,p,=empirically derived absorption coefficients;
and
[0029] 1(t)=a combination of concentration and path length

from emitter to detector as a function of time.
[0030] 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.
[0031] 1.Thenatural logarithm of Eq. 1 is taken (“log” will
be used to represent the natural logarithm) for IR and Red
to yield

log Iog I~ (spo+{1-5),)4. @
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[0032]
yield

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

dlogl _ | dl
r =—(sf, +( —S),Br)%-

[0033] 3. Eq. 3, evaluated at the Red wavelength A, is
divided by Eq. 3 evaluated at the IR wavelength A zin
accordance with

dlogldr)/di  sPo(Ag) + (1 —5)B(AR) )
dlogi(Ar)jdt ~ sB(Lr) + (1 = )B:(Ar)’

[0034] 4. Solving for S yields

leg[(AIR

). dlogi(Ag) Q)
g P -

o Brdm)
dlogl(A '
2 B~ ) -

dlogl(A)
dr

(Bo(Ag) = BrAg))

[0035] 5. Note that, in discrete time, the following approxi-
mation can be made:

dlog;g/\, 1) ~logl(A, 1y) —logl (A, 1p). (6)

[0036] 6. Rewriting Eq. 6 by observing that log A-log
B=log(A/B) yields

dlogld,n) (1(12,/1)) M
o %)
[0037] 7. Thus, Eq. 4 can be expressed as
dlogl(Ag) o (Im,AR)) ®
di M Ag) _
dlogl(Ag) (1(11,/\IR)) ’
dr 1{t2, Ajp)

where R represents the “ratio of ratios.”

[0038] 8.Solving Eq. 4 for S using the relationship of Eq. 5
yields
oo BrAg) = RBi(A) ©
R(Bo(AiR) = i) = Bol@r) + BrAr)
[0039] 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 ver-
sion of Eq. 8. Using the relationship
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dlogl _ dl/dr (10)
di — 1

Eq. 8 becomes

dlogiAg) 12, Ar) =101, Ag) (1n
dt (1, 4g)

dlogl(Aig) — 1(rz, Aig) — 111, Arg)
dr 1([1,A1R)

_ @, Ap) = 1y, ANy, Agg)
(2, Aip) = 11, A)) (11, AR)
=R,

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

x= {1, hr) =1t M) U (1, hR),s (12
and
V= [I(tp, ) =11, hg) it M) =)

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,
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.

[0040] 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.

[0041] 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 some embodiments, 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
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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. Bach 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.

[0042] 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.

[0043] 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 (e.g., SpO,), and respiration information) based at
least in part on data relating to light emission and detection
received from one or more sensor units such as sensor unit 12
and an additional sensor (not shown). In some embodiments,
the calculations may be performed on the sensor units or an
intermediate 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.

[0044] In some 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 allow com-
munication between monitor 14 and sensor unit 12.

[0045] As is described herein, monitor 14 may generate a
PPG signal based on the signal received from sensor unit 12.
The PPG signal may consist of data points that represent a
pulsatile waveform. The pulsatile waveform may be modu-
lated based on the respiration of a patient. Respiratory modu-
lations may include baseline modulations, amplitude modu-
lations, frequency modulations, respiratory sinus arrhythmia,
any other suitable modulations, or any combination thereof.
Respiratory modulations may exhibit different phases, ampli-
tudes, or both, within a PPG signal and may contribute to
complex behavior (e.g., changes) of the PPG signal. For
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example, the amplitude of the pulsatile waveform may be
modulated based on respiration (amplitude modulation), the
frequency of the pulsatile waveform may be modulated based
on respiration (frequency modulation), and a signal baseline
for the pulsatile waveform may be modulated based on res-
piration (baseline modulation). Monitor 14 may analyze the
PPG signal (e.g., by generating respiration morphology sig-
nals from the PPG signal, generating a combined autocorre-
lation sequence based on the respiration morphology signals,
and calculating respiration information from the combined
autocorrelation sequence) to determine respiration informa-
tion based on one or more of these modulations of the PPG
signal.

[0046] As is described herein, respiration information may
be determined from the PPG signal by monitor 14. However,
it will be understood that the PPG signal could be transmitted
to any suitable device for the determination of respiration
information, such as a local computer, a remote computer, a
nurse station, mobile devices, tablet computers, or any other
device capable of sending and receiving data and performing
processing operations. Information may be transmitted from
monitor 14 in any suitable manner, including wireless (e.g.,
WiFi, Bluetooth, etc.), wired (e.g., USB, Ethernet, etc.), or
application-specific connections. The receiving device may
determine respiration information as described herein.
[0047] 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.

[0048] 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.
[0049] 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.
[0050] 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
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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.

[0051] 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.

[0052] 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 coefficients for
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
stored in encoder 42.

[0053] Encoder 42 may, for instance, be a coded resistor
that stores values corresponding to the type of sensor unit 12
or the type of each sensor in the sensor array, the wavelengths
of light emitted by emitter 16 on each sensor of the sensor
array, and/or the patient’s characteristics and treatment infor-
mation. 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; physiological charac-
teristics (e.g., gender, age, weight); or any combination
thereof.

[0054] In some 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.

[0055] 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-
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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.

[0056] 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
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” or “pro-
cessing circuitry.”

[0057] 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. As is described herein, microproces-
sor 48 may generate respiration morphology signals and
determine respiration information from a PPG signal.
[0058] Signals corresponding to information about patient
40, and particularly about the intensity of light emanating
from a patient’s tissue over time, may be transmitted from
encoder 42 to decoder 74. These signals may include, for
example, encoded information relating to patient character-
istics. Decoder 74 may translate these signals to enable
microprocessor 48 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.

[0059] Calibration device 80, which may be powered by
monitor 14 via a communicative coupling 82, a battery, or by

Apr. 30, 2015

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).

[0060] Data output 84 may provide for communications
with other devices utilizing any suitable transmission
medium, including wireless (e.g., WiFi, Bluetooth, etc.),
wired (e.g., USB, Ethernet, etc.), or application-specific con-
nections. Data output 84 may receive messages to be trans-
mitted from microprocessor 48 via bus 50. Exemplary mes-
sages to be sent in an embodiment described herein may
include samples of the PPG signal to be transmitted to an
external device for determining respiration information.
[0061] Theoptical 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
tissue to inertial effects, which may result in momentary
changes in volume at the point to which the oximeter probe is
attached.

[0062] 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
ofthe 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.

[0063] FIG. 3 shows an illustrative PPG signal 302 that is
modulated by respiration in accordance with some embodi-
ments of the present disclosure. PPG signal 302 may be a
periodic signal that is indicative of changes in pulsatile blood
flow. Each cycle of PPG signal 302 may generally correspond
to a pulse, such that a heart rate may be determined based on
PPG signal 302. Each respiratory cycle 304 may correspond
to a breath. The period of a respiratory cycle may typically be
longer than the period of a pulsatile cycle, such that any
changes in the pulsatile blood flow due to respiration occur
over a number of pulsatile cycles. The volume of the pulsatile
blood flow may also vary in a periodic manner based on
respiration, resulting in modulations to the pulsatile blood
flow such as amplitude modulation, frequency modulation,
and baseline modulation. This modulation of PPG signal 302
due to respiration may result in changes to the morphology of
PPG signal 302.

[0064] FIG. 4 shows a comparison of portions of the illus-
trative PPG signal 302 of FIG. 3 in accordance with some



US 2015/0119720 Al

embodiments of the present disclosure. The signal portions
compared in FIG. 4 may demonstrate differing morphology
dueto respiration modulation based on the relative location of
the signal portions within a respiratory cycle 304. For
example, a first pulse associated with the respiratory cycle
may have a relatively low amplitude (indicative of amplitude
and baseline modulation) as well as an obvious distinct
dichrotic notch as indicated by point A. A second pulse may
have a relatively high amplitude (indicative of amplitude and
baseline modulation) as well as a dichrotic notch that has been
washed out as depicted by point B. Frequency modulation
may be evident based on the relative period of the first pulse
and second pulse. Referring again to FIG. 3, by the end of the
respiratory cycle 304 the pulse features may again be similar
to the morphology of A. Although the impact of respiration
modulation on the morphology of a particular PPG signal 302
has been described herein, it will be understood that respira-
tion may have varied effects on the morphology of a PPG
signal other than those depicted in FIGS. 3 and 4.

[0065] When a patient stops breathing either voluntarily or
involuntarily, this may be referred to as a held breath event.
FIG. 5 shows an example of a held breath event in accordance
with some embodiments of the present disclosure. Square
wave signal 502 represents actual breathing over time, with
each square wave cycle corresponding to a breath. A held
breath portion 504 of the square wave respiration signal 502
demonstrates a portion of respiration signal 502 during which
the patient is having a held breath event. In some embodi-
ments, a respiration signal, such as signal 502, may be gen-
erated from a physiological signal such as a PPG signal (e.g.,
based on modulations to the PPG signal corresponding to
respiration), a sound signal (e.g., based on sounds corre-
sponding to an inhalation or exhalation), an airflow signal
(e.g., to directly detect inhalation or exhalation), an accelera-
tion signal (e.g., attached to a patient’s chest to detect breath-
ing), any other suitable physiological signal, or any combi-
nation thereof. In an embodiment, respiration information
signal 506 may be an exemplary representation of the signal
energy of a respiration signal, which may correspond to the
detected patient respiration. As is depicted in FIG. 5, respi-
ration information signal 506 may decrease in strength sig-
nificantly during a held breath event such as held breath event
504. As is described herein, a detector for held breath events
may utilize this decrease in signal amplitude to identify held
breath events based on a physiological signal.

[0066] FIG. 6 shows illustrative steps for identifying a held
breath event from a PPG signal in accordance with some
embodiments of the present disclosure. Although exemplary
steps are described herein, it will be understood that steps
may be omitted and that any suitable additional steps may be
added for determining respiration information. Although the
steps described herein may be performed by any suitable
device, in an exemplary embodiment, the steps may be pet-
formed by monitoring system 10. At step 602, monitoring
system 10 may receive a PPG signal as described herein.
Although the PPG signal may be processed in any suitable
manner, in an embodiment, the PPG signal may be analyzed
each 5 seconds, and for each 5 second analysis window, the
most recent 45 seconds of the PPG signal may be analyzed.

[0067] Atstep 604, monitoring system 10 may generate one
or more respiration morphology signals from the PPG signal.
Although respiration morphology signals may be used to
calculate respiration information such as respiration rate, as
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described herein the respiration morphology signals may also
be used to identify held breath events.

[0068] Any suitable number of respiration morphology sig-
nals may be generated from a PPG signal. In an exemplary
embodiment, a down signal, a delta of second derivative
(DSD) signal, a kurtosis signal, a b/a ratio signal, any other
suitable morphology signal (such as those discussed below),
or any combination thereof may be generated. Although a
respiration morphology signal may be generated in any suit-
able manner, in an exemplary embodiment, each respiration
morphology signal may be generated based on calculating a
series of morphology metrics based on a PPG signal. One or
more morphology metrics maybe calculated for each portion
of the PPG signal (e.g., for each fiducial defined portion), a
series of morphology metrics may be calculated over time,
and the series of morphology metrics may be processed to
generate one or more respiration morphology signals.
[0069] FIG. 7 depicts signals used for calculating morphol-
ogy metrics from a received PPG signal. The abscissa of each
plot of FIG. 7 may be represent time and the ordinate of each
plot may represent magnitude. PPG signal 700 may be a
received PPG signal, first derivative signal 720 may be a
signal representing the first derivative of the PPG signal 700,
and second derivative signal 740 may be a signal representing
the second derivative of the PPG signal 700. Although par-
ticular morphology metric determinations are set forth below,
each of the morphology metric calculations may be modified
in any suitable manner. Any of a plurality of morphology
metrics may be utilized in combination to determine respira-
tion information.

[0070] Exemplary fiducial points 702 and 704 are depicted
for PPG signal 700, and fiducial lines 706 and 708 demon-
strate the location of fiducial points 702 and 704 relative to
first derivative signal 720 and second derivative signal 740.
Fiducial points 702 and 704 may define a fiducial-defined
portion 710 of PPG signal 700. The fiducial points 702 and
704 may define starting ending points for determining mor-
phology metrics as described herein, and the fiducial-defined
portion 710 may be define a relevant portion of data for
determining morphology metrics as described herein. It will
be understood that other starting points, ending points, and
relative portions of data may be utilized to determine mor-
phology metrics.

[0071] 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 710) of the PPG signal (e.g., PPG signal 700)
and a minimum sample (e.g., minimum sample 712) 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 physiologi-
cal characteristics which are related to respiration, e.g.,
amplitude and baseline modulations of the PPG signal. In an
exemplary embodiment fiducial point 702 defines the first
location for calculation of a down metric for fiducial-defined
portion 710. In the exemplary embodiment the minimum
sample of fiducial-defined portion 710 is minimum point 712,
and is indicated by horizontal line 714. The down metric may
be calculated by subtracting the value of minimum point 712
from the value of fiducial point 702, and is depicted as down
metric 716.

[0072] Another exemplary morphology metric may be a
kurtosis metric for a fiducial-defined portion. Kurtosis mea-
sures the peakedness of the first derivative 720 of the PPG



US 2015/0119720 Al

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:

’ 1
Kurtosis= —
D o

where:
[0073] x/=ith sample of 1* derivative;

[0074] x=mean of 1st derivative of fiducial-defined por-
tion;

[0075] n=set of all samples in the fiducial-defined portion

[0076] 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 742 and 744 for a DSD calculation are
depicted at fiducial points 702 and 704 as indicated by fiducial
lines 706 and 708. The second derivative is indicative 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 utilized as
an input to determine respiration information, such as respi-
ration rate. The DSD metric may be calculated for each fidu-
cial-defined portion by subtracting the second derivative of
the next fiducial point from the second derivative of the cur-
rent fiducial point.

[0077] Another exemplary morphology metric may be an
up metric measuring the up stroke of the first derivative signal
720 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
722 for a fiducial point corresponding to fiducial line 706. The
up metric may be indicative of amplitude and baseline modu-
lation of the PPG signal, which may be related to respiration
information as described herein. Although an up metric is
described herein with respect to the first derivate signal 720,
it will be understood that an up metric may also be calculated
for the PPG signal 700 and second derivative signal 740.
[0078] Another exemplary morphology metric may be a
skew metric measuring the skewness of the original PPG
signal 700 or first derivative 720. 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:

1
=) o’
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where:

[0079] x,=ith sample;

[0080] Xx=mean of the samples of the fiducial-defined por-
tion;

[0081] m,=third moment;

[0082] m,=second moment; and

[0083] n=total number of samples.

[0084] 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 740. PPG
signal 700, first derivative signal 720, and second derivative
signal 700 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,
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 740, the a-peaks are indicated by points 746
and 748, the b-peaks by points 750 and 752, the c-peaks by
points 754 and 756, and the d-peaks by points 758 and 760.
The b/a ratio measures the ratio of the b-peak (e.g., 750 or
752) and the a-peak (e.g., 746 or 748). 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
720.

[0085] 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 720 may
have a c-peak 726 which corresponds to the maximum slope
near the dichrotic notch of PPG signal 700, and an a-peak 724
which corresponds to the maximum slope of the PPG signal
700. The c/a ratio of the first derivative is indicative of fre-
quency 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 700 and second derivative signal 740.

[0086] Another exemplary morphology metric may be a
i_b metric measuring the time between two consecutive local
minimum (b) locations 750 and 752 in the second derivative
740. The i_b metric is indicative of frequency modulation of
the PPG signal, which is related to respiration information
such as respiration rate as described herein. The i_b metric
may also be calculated for PPG signal 700 or first derivative
signal 720.

[0087] Another exemplary morphology metric may be a
peak amplitude metric measuring the amplitude of the peak of
the original PPG signal 700 or of the higher order derivatives
720 and 740. 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.

[0088] 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 700 in either or
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both of the x and y coordinates. The center of gravity is
calculated as follows:

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

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

[0089] 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.

[0090] Another exemplary morphology metric is an area
metric measuring the total area under the curve for a fiducial-
defined portion of the PPG signal 700. 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.

[0091] Another morphology metric is the PPG amplitude
metric. This metric represents the amplitude of the patient’s
PPG signal. In some embodiments, the PPG amplitude metric
is normalized to the baseline (i.e., DC component) of the
underlying PPG signal.

[0092] Another morphology metric is the PPG amplitude
modulation metric. This metric represents the modulation of
amplitude over time on a patient’s PPG signal.

[0093] Another morphology metric is the frequency modu-
lation metric. This metric represents the modulation of peri-
ods between fiducial points on a physiological signal, such as
a PPG signal.

[0094] Although a number of morphology metrics have
been described herein, it will be understood that other mor-
phology metrics may be calculated from PPG signal 700, first
derivative signal 720, second derivative signal 740, and any
other order of the PPG signal. It will also be understood that
any of the morphology metrics described above may be modi-
fied to capture aspects of respiration information or other
physiological information that may be determined from a
PPG signal.

[0095] Referring again to FIG. 6, at step 604 a series of
morphology metric values may be calculated for each mor-
phology metric (e.g., down, kurtosis, DSD, b/a ratio, PPG
amplitude, PPG amplitude modulation, and frequency modu-
lation). In some embodiments, each series of morphology
metric values may be further processed in any suitable man-
ner to generate the respiration morphology signals. Although
any suitable processing operations may be performed for
each series of morphology metric values, in an exemplary
embodiment, each series of morphology metric values may
be filtered (e.g., based on frequencies associated with respi-
ration) and interpolated to generate the respiration morphol-
ogy signals.

[0096] At step 608, monitor 10 may calculate thresholds for
use in identifying held breath events. As will be described
herein, steps 608-612 describe a procedure for calculating
thresholds for one or more of the respiration morphology
signals and the pulsatile metric signals (at step 608), calcu-
lating average values associated with each of the one or more
of the respiration morphology signals (at step 610), and iden-
tifying a held breath event based on a comparison of the
thresholds and the average values (at step 612).

[0097] Although thresholds may be calculated for the one
or more respiration morphology signals in any suitable man-
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ner, in some embodiments, the threshold may be based on a
history of the mean absolute deviation for each of the one or
more signals. For each of the one or more morphology sig-
nals, the mean absolute deviation may be calculated for any
suitable portion of signal. For example, the mean absolute
deviation may be calculated once for the respiration morphol-
ogy signal for each 5 second window of received PPG data.
The mean absolute deviation may be combined with a suit-
able number of previous windows, such as the 9 most previ-
ous windows (e.g., the mean absolute deviation may be cal-
culated for each morphology signal for each 5 second
window, and the 10 windows may be combined) to generate a
combined value. This combination may be, for example, a
weighted average of the 10 mean absolute deviation values.
Weights may be fixed or determined based on any suitable
criteria, such as signal quality. The combined value may be
used as the threshold value. In some embodiments, the thresh-
old value may be calculated from the combined value by
multiplying the combined value by any suitable constant
(e.g., determined based on empirical data).

[0098] At step 610, monitor 10 may calculate average val-
ues for each of the one or more respiration morphology sig-
nals to compare against respective thresholds that were cal-
culated as discussed above, for example. As described herein,
in an embodiment, average values may be calculated for the
down, kurtosis, DSD, and b/a, the frequency modulation,
pulse amplitude, and pulse amplitude modulation morphol-
ogy signals.

[0099] Although it will be understood that the average val-
ues may be calculated in any suitable manner, in an embodi-
ment, the average values may be calculated based on the
average signal energy for the most recent 20 seconds of each
of the respiration morphology signals. The average for each
morphology signal may be calculated using weights, which
may be fixed or determined based on any suitable criteria,
such as signal quality.

[0100] FIG. 8 shows an illustrative square wave represen-
tation of a respiration signal 802, threshold signal 804, and
average morphology signal 806 associated with a respiration
morphology signal in accordance with some embodiments of
the present disclosure. Respiration signal 802 is a square
wave representation of respiration over time, with each
square wave cycle corresponding to a breath. Held breath
portions 808 and 810 of the square wave demonstrate portions
of respiration signal 802 where the patient is having a held
breath event. In an embodiment, threshold signal 804 and
average signal 806 may be generated for one of a respiration
morphology signal in accordance with the present disclosure
(e.g., based on a down respiration morphology signal). As is
depicted in FIG. 8, because threshold signal 804 is based on
an extended sample of data (e.g., 10 5-second windows of
received data), threshold signal 804 has a delayed response to
held breath events, such that threshold signal 804 experierices
a sharp decrease at a delay from the onset held breath events
808 and 810. Because average signal 806 is based on a smaller
sample of data (e.g., 20 seconds), the average signal 804
responds quicker to held breath events than threshold signal
804, such that average signal 806 experiences a sharp
decrease at a lesser delay from the onset of held breath events
808 and 810. At points 812 and 814, the value of average
signal 806 may fall below the value of threshold signal §04.
As 1s described with respect to step 612 below, the excursion
of average signal 806 below threshold 804 may be used to
identify a held breath event.
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[0101] Referring back to FIG. 6, at step 612, monitor 10
may identify a held breath event based on the comparison of
the threshold values to the respective average values.
Although it will be understood that a comparison may be
performed for any number of the respiration morphology
signals, in an embodiment, the comparison may be performed
for the threshold and average values associated with each of
the down, kurtosis, DSD, b/a ratio, frequency modulation,
pulse amplitude, and pulse amplitude morphology signals.
[0102] In some embodiments, a held breath event may be
identified when a certain minimum number of the morphol-
ogy signals fall below their respective thresholds. Although
any suitable minimum number may be used in accordance
with the present disclosure, in an embodiment a held breath
event may be identified when a majority of the average signal
values fall below the threshold signal values (e.g., 4 of 7 of the
respiration morphology signals). In some embodiments, the
respiration morphology signals may be assigned differing
weights for identifying a held breath event. For example, in
some embodiments, each of the respiration morphology sig-
nals may be assigned a weighting value, and if the associated
average value falls below the threshold value, the weighting
value associated with the respiration morphology signal may
be added to a total weighting value. If the total weighting
value exceeds an overall weighting threshold, monitor 10
may identify a held breath event.

[0103] In some embodiments, a held breath event may be
identified based on a trained neural network. Although it will
be understood that a trained neural network may be config-
ured to identify a held breath event in any manner, in an
embodiment, the neural network may be trained based on
training data and weights may be assigned to nodes associ-
ated with each of the respiration morphology signals. Each
node may then assert a node value associated with the
assigned weight (e.g., based on the degree to which the aver-
age signal falls below the threshold signal) and the node
values may be combined (e.g., added) and compared to
threshold to determine whether a held breath event has been
identified.

[0104] Once a held breath event has been initially identi-
fied, it may be desired to modify the comparison procedure.
Although the comparison procedure may be modified in any
suitable manner, in some embodiments, the comparison pro-
cedure may be modified by adjusting the threshold, for
example, by fixing the threshold at the value at which the
average fell below the threshold. In some embodiments, this
may retain the held breath indication longer as the threshold
value will no longer fall based on the held breath event. After
a determination has been made as to whether a held breath
event has occurred, processing may continue to step 614.
[0105] At step 614, monitor 10 may provide an indication
of aheld breath event based on the determination at step 612.
Although it will be understood that monitor 10 may provide
an indication of a held breath event in any suitable manner, in
an embodiment, monitor 10 may stop posting a respiration
rate value, provide a visual indication, provide an audible
indication, provide a transmitted indication, provide any
other suitable indication or response, or any combination
thereof.

[0106] Although it will be understood that monitor 10 may
stop posting respiration rate values in any suitable manner
(e.g., immediately upon the identification of a held breath
event), in some embodiments, monitor 10 may stop posting
respiration rate based on how long the held breath event has
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persisted. In some embodiments, if a held breath event may
has occurred for longer than a threshold duration, monitor 10
may cease posting of respiration rate values. In some embodi-
ments, monitor 10 may have a number of criteria under which
the respiration rate may not be posted (e.g., a weak respiration
signal, patient speech interfering with the measurement of
respiration, etc.). In some embodiments, an indication of a
held breath event may be combined with these other criteria,
such that if the total duration of all of the events exceeds a
threshold, a respiration rate value may not be posted by moni-
tor 10.

[0107] In some embodiments, if a respiration rate age is
being used to keep track of a confidence of a calculated
respiration rate (e.g., representing the average of the age of
physiological data being used to calculate respiration rate),
then when a held breath event is detected, monitoring system
10 may cause the respiration rate age to be increased as
indication of lower confidence in the calculated respiration
rate. If the respiration rate age is caused to exceed a posting
thresholding, then this may cause the monitoring system 10 to
stop posting a respiration rate.

[0108] In some embodiments, for relatively long held
breath events, a calculated value of oxygen saturation may be
used to determine whether to continue posting a respiration
rate value. For example, if a held breath event is detected, and
the oxygen saturation is decreasing, monitoring system 10
may cease posting respiration rate until the oxygen saturation
begins to rise.

[0109] Itmay also be desired to provide an indication of a
held breath indication, such as a visual indication, audible
indication, or transmitted indication. Although it will be
understood that a visual indication may be provided in any
suitable manner, in some embodiments, a visual indication
may be provided on display 20 as an icon, text, intermittent
flashing, changes to display color, any other suitable visual
indication of an indication, or any combination thereof.

[0110] Although it will be understood that an audible indi-
cation may be provided in any suitable manner, in some
embodiments, an audible indication may be provided by
speaker 22 as a spoken message, indication sound, any other
suitable audible indication of an indication, or any combina-
tion thereof.

[0111] Although it will be understood that a transmitted
indication message may be provided in any suitable manner,
in some embodiments, a transmitted indication message may
be provided by data output 84 to any suitable receiving device
such as a central nurse station, smart phone, computing unit,
medical pager, medical database, any other suitable receiving
device, or any combination thereof.

[0112] 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 claims.
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What is claimed is:

1. A computer-implemented method comprising:

receiving a photoplethysmograph (PPG) signal;

generating, using processing circuitry, one or more respi-
ration morphology signals based on the PPG signal;

calculating, using the processing circuitry, a threshold
value for each of the one or more respiration morphol-
ogy signals;

comparing, using the processing circuitry, data indicative

of each morphology signal to a respective one of the
threshold values; and

identifying, using the processing circuitry, a held breath

event based at least on the comparing.

2. The method of claim 1, wherein the one or more respi-
ration morphology signals are selected from the group con-
sisting of a down signal, a kurtosis signal, a second derivative
signal, a b/a ratio signal, an amplitude signal, an amplitude
modulation signal, a frequency modulation signal, and any
combination thereof.

3. The method of claim 1, wherein data indicative of each
morphology signal comprises an average of each morphology
signal over a predetermined period of time.

4. The method of claim 1, wherein calculating a threshold
value comprises determining a mean absolute deviation value
for each of the one or more respiration morphology signals.

5. The method of claim 4, wherein calculating a threshold
value comprises calculating an average of a number of pre-
vious mean absolute deviation values.

6. The method of claim 1, further comprising suspending
posting of a respiration rate value when the held breath event
is identified.

7. The method of claim 5, further comprising:

calculating an oxygen saturation from the PPG signal; and

continuing to suspend the posting until the oxygen satura-

tion 1is increasing.

8. A system comprising:

an input for receiving a photoplethysmograph (PPG) sig-

nal; and

processing circuitry configured for:

generating one or more respiration morphology signals
based on the PPG signal,

calculating a threshold value for each of the one or more
respiration morphology signals,

comparing data indicative of each morphology signal to
a respective one of the threshold values, and

identifying a held breath event based at least on the
comparing.

9. The system of claim 8, wherein the one or more respi-
ration morphology signals are selected from the group con-
sisting of a down signal, a kurtosis signal, a second derivative
signal, a b/a ratio signal, an amplitude signal, an amplitude
modulation signal, a frequency modulation signal, and any
combination thereof.
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10. The system of claim 8, wherein data indicative of each
morphology signal comprises an average of each morphology
signal over a predetermined period of time.

11. The system of claim 8, wherein the processing circuitry
is further configured for determining a mean absolute devia-
tion value for each of the one or more respiration morphology
signals.

12. The system of claim 11, wherein the processing cit-
cuitry is further configured for calculating an average of a
number of previous mean absolute deviation values.

13. The system of claim 8, wherein the processing circuitry
is further configured for suspending posting of a respiration
rate value when the held breath event is identified.

14. The system of claim 13, wherein the processing cir-
cuitry is further configured for:

calculating an oxygen saturation from the PPG signal; and

continuing to suspend the posting until the oxygen satura-

tion 1s increasing.

15. A non-transitory computer readable medium compris-
ing instructions stored therein for performing the method
comprising:

receiving a photoplethysmograph (PPG) signal,

generating one or more respiration morphology signals

based on the PPG signal;

calculating a threshold value for each of the one or more

respiration morphology signals;

comparing data indicative of each morphology signal to a

respective one of the threshold values; and

identifying a held breath event based at least on the com-

paring.

16. The computer readable medium of claim 15, wherein
the one or more respiration morphology signals are selected
from the group consisting of a down signal, a kurtosis signal,
a second derivative signal, a b/a ratio signal, an amplitude
signal, an amplitude modulation signal, a frequency modula-
tion signal, and any combination thereof.

17. The computer readable medium of claim 15, wherein
data indicative of each morphology signal comprises an aver-
age of each morphology signal over a predetermined period
of time.

18. The computer readable medium of claim 15, wherein
calculating a threshold value comprises determining a mean
absolute deviation value for each of the one or more respira-
tion morphology signals.

19. The computer readable medium of claim 18, wherein
calculating a threshold value comprises calculating an aver-
age of a number of previous mean absolute deviation values.

20. The computer readable medium of claim 15, further
comprising suspending posting of a respiration rate value
when the held breath event is identified.
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