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(57) Abstract: Disclosed herein, among other things, are methods and ap-
paratus related to identification of apnea type. One aspect of the present sub -
ject matter provides a method for real-time apnea discrimination. The meth -
od includes sensing an impedance-based tidal volume signal to monitor a
respiratory cycle of a patient, and detecting a reduction in tidal swing using
the sensed impendence to detect an apnea event. When the apnea event is de-
tected, a shape of the sensed signal is compared to a stored signal shape to
determine whether the apnea event is primarily an obstructive sleep apnea
(OSA) event or primarily a central sleep apnea (CSA) event, in various em-

bodiments.
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BISCRIMINATION OF APNEA TYPE BY MEDICAL DEVICE

CLAIM OF PRIORITY

(6601} This application claims the benefit of priority under 35 U.S.C. §
119(e} of U.S. Provisional Patent Application Serial Number 61/975,084, filed

on April 4, 2014, which 1s herein incorporated by reference in its entirety,

CROSS REFERENCE TO RELATED APPLICATION
16662] This application is related to co-pending, commonly assigned, U.S.
Patent Application Serial No. 61/975,090, entitled “METHODS AND
APPARATUS FOR APNEA THERAPY STIMULATION”, filed on Apnil 4,

2014, which is bereby incorporated by reference v its entirety.

TECHNICAL FIELD
(6603} This application relates generally to medical devices and, more
particularly, o systerss, devices and methods related to discriroination of apnea

type.

BACKGROUND
[8064] Respiratory diseases include disorders that affect breathing during
sleep. Examples of respiratory disorders include central sleep apnea (CSA) and
obstructive sleep apnea (OSA). Sleep apnea refers {0 the cessation of breathing
doring sleep. CSA 13 associated with incorrect seusing of carbon dioxide or
oxyvgen levels in the blood. I nerve receptors do not send the correct neural
signals, in essence deceiving the brain by reporting incorrect levels of carbon
dioxide or oxygen, an incidence of C8A can occur. OSA is associated with an
obstruction of the upper airway. Both CSA and OSA have serious health
consequences, including association with cardiac arrhythmias and worsening
heart failure. CSA and OSA can occur separately or together in a given patient

duoring the might.



WO 2015/153044 PCT/US2015/018669

[B305] Typically, therapy for CSA is not effective for OSA, and therapy for
OSA 18 not effective tor CSA. Therctore, there is a need in the art for real-time

apnea discrimination.

SUMMARY

|91

[3606] Disclosed herein, among other things, are methods and apparatus
related to identification of apnea type. One aspect of the present subject matter
provides a method for real-tirae apnea discrimmination. The method may inchade
sensing an impedance-based tidal volume signal to monitor a respiratory cycle of

10 apatient, and detecting a reduction in tidal swing using the sensed impendence
to detect an apnea event. When the apnea event is detected, a shape of the
sensed signal is compared 10 a stored signal shape 1o determine whether the
apnca event is primarily an obstructive sleep apnea (OSA) event or primarily a
central sleep apnea (CSA) event, in various embodiments,

15 [887] One aspect of the present subject matter provides a medical device
for apnea discrimination. The device may include a sensor configured to sense
an impedance-based tidal volume signal to monitor a respiratory cyele of a
patient and a processor adapted to be connected to the sensor. The processor
may be configured to detect a reduction in fidal swing using the sensed

20  impendence to detect an apnea event and to compare a shape of the sensed signal
to a stored signal shape to determine whether the detected apnea event is
primarily an obstructive sleep apuea (OSA) event or primarily a central sleep
apnea (CSA) event, in various embodiments.
18068} One aspect of the present subject matter provides a medical device

25 for apnea discrimination. The device may include a sensor configured to sense a
parameter related to heart sounds of a patient and a processor adapted to be
connected to the sensor. The processor may be counfigured to use the sensed
parameter to determine whether a detected apnea event is primarily an
obstructive sleep apnea (OSA) event or primarily a central sleep apoea (CSA)

30 cevent
(6609} This Summary is an overview of some of the teachings of the present
application and not intended to be an exclasive or exhaustive treatment of the

present subject matter. Further details about the present subject matier are found
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in the detailed description and appended claims. The scope of the present

imvention is defined by the appended claims and their equivalents,

BRIEF DESCRIPTION OF THE DRAWINGS

|91

186161 Various embodiments are illustrated by way of example in the figures
of the accompanying drawings. Such embodiments are demonstrative and not

intended to be exbaustive or exclusive embodiments of the present subject matter,

(6611} FIG. 1 dlustrates an example of a therapy system with a programyoer.
[6G12] FIG. 2 dlustrates an example of a systera that includes an vuplantable

10 medical device (IMD), such as the sysiem of FIG. 1.
[6613] FIG. 3 illustrates an example of an external device, such as the
programyuer of FIG, 1,
6614 Fi3. 4 iltustrates a flow diagram for an example of a method of
identifying apnea, according to various embodiments of the present subject
15  matter,
6815} FIGS. 5A-3C illustrate graphical diagrams showing examples of
signals that may be used to discriminate OSA and CSA, according to various
embodiments of the present subject matter.
816} FIGS. 6A-6B illustrate flow diagrams for an example of methods of
20 adjusting an apnea discrunination threshold, according to various embodiments
of the present subject matter.
16617] FIG. 7 iHustrates a flow diagram for an example of a method of

identifying apnea, according to various embodiments of the present subject

matier.
25
DETAILED DESCRIPTION
8018} The following detailed description refers to subjoct matter in the
accompanying drawings which show, by way of illustration, specific aspects and
embodiroents in which the present subject matter may be practiced. These
30 embodiroents are described in sufficient detail to enable those skilled in the art to

practice the present subject matter. References to “an,” “one,” or “various”
embodiments in this disclosure are not necessarily to the same embodiment, and

such refercoces contemplate more than one embodiment. The following detaled
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deseription is, therefore, not 1o be taken in a lirotting seose, and the scope is
ctined only by the appended claims, along with the full scope of legal

equivalents to which such claims are entitled.

[6619] Obstructive sleep apnea (OSA) and central sleep apnea {(CSA ) are

driven by difterent causes and hence target therapies are different for cach type

|91

of sleep apnea. Continuous positive airway pressure (CPAP) works well for
OSA but is generally not effective for treating CSA. Diaphragmatic stimulation
can be used to treat CSA but is generally not effective for OSA, since respiratory
drive already exists during OSA. In addition, patients may not experience OSA

10 or USA episodes exclusively, as typically they may experience both OSA and
CSA episodes throughout the night. Presently, the classification (or
discrimination} of a patient into OSA or CSA patient s largely based on
predominant prevalence of the apnea type during the night. However, even
patients that experience largely one type of apnea and are classified as that apnea

15 type, do experience occasional apneic episodes that are of the other type. In
sorae cases, it may be valuable to not apply OSA therapy for sparse CSA
episodes in OSA patients or vice versa. There is a challenge to guickly identify
what type of apnea event is 1n progress, 8o proper treatrnent can be applied ina
timely manner. Therefore, there s a need in the art for real-time apuca

20 discrimination, so that the proper therapy can be delivered for the episade.
G281 Various examples provided herein use an algorithm to characterize
apnea and learn hikelthoods of observing the types of apnea specific to an
individual patient. The system may use that probability analysis to assist in
determining type of apnea, in various embodiments, Disclosed herein, among

25 other things, are methods and apparatus related to identification of apnea type.
One aspect of the present subject matter provides a method for real-tiroe or near
real-time apnea discrimination. These terms indicate that, although there may be
some processing delays, the apnea discrimination s able to process the apneic
events as they occur without an observable delay (e.g. real time) or with

30 observable delays that are insignificant for processing the apneic events as they
occur {near real time). The method may include sensing an impedance-based
tidal vohume signal to monitor a respiratory cycle of a patient, and detecting a

reduction o tidal swing using the sensed rapendence to detect an apnea event.
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When the apnea event is detected, a shape of the sensed signal is compared to a
stored signal shape to determine whether the apnea event is primarily an OSA
event or primarily a CSA event, in various embodiments. This discrimination is
done in real time based on features from early portions of the apnea event, so
that the proper therapy can be provided 1o a fimely manner o assist in troating
the event.

64211 Disclosed herein, among other things, are methods and apparatas
related to identification of apnea tvpe. One aspect of the present subject matter
provides a method for real-tirae apnea discrimmination. The method may inchade
sensing an impedance-based tidal volame signal to monitor a respiratory cycle of
a patient, and detecting a reduction in tidal swing using the sensed impendence
1o detect an apnea event. When the apnea event is detected, a shape of the
sensed signal is compared 10 a stored signal shape to determine whether the
apnea event is primarily an obstructive sleep apnea (OSA) event or primarily a
central sleep apnea (CSA) event, in various embodiments,

16622} According to various emnbodiments, the stored signal shape may
inclade a normal tidal swing shape for the patient, a stored prior OSA waveform
template, a sine wave {(as a survogate for CSA template), and/or a square wave
{as a surrogate for OSA teroplate). If the shape of the sensed signal is similar to
the normal tidal swing shape, the apnea event is determined to be primarily a
CSA event in various embodiments. In various embodiments, if the shape of the
sensed signal 18 not similar to the normal tidal swing shape, the apnea event is
determined to be primarily an OSA event. There are various methods or
algorithims that may be implemented to analyze the similarity between the
signals. For example, a statistical analysis may be performed on the signals to
deterroine a calculated similarity value, and this similarity value may be
compared to a similarity threshold to make a determination that the signals are
similar, Various embodiments further include calenlating tikelibood for each
apnea event based on historical prevalence of CSA events and OSA events for
the patient. Some embodiments include using the caleulated likelihood to
determine whether the apnea event is primarily an obstructive sleep apnea (OSA}
event or primarily a central sleep apnea (CSA) event. Therapy is provided to the

patient based on the determination, in various embodiments,

(]
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[8423] One aspect of the present subject matter provides a medical device
for apnea discrimination. The device may include a sensor configured to sense
an impedance-based tidal volume signal to monitor a respiratory cyele of a
patient and a processor adapted to be connected to the sensor. The processor

may be configured to detect a reduction in tidal swing using the sensed

|91

impendence to detect an apnea event and to compare a shape of the sensed signal
to a stored signal shape to determine whether the detected apnea event is
primarily an obstructive sleep apuea (OSA) event or primarily a central sleep
apnea (CSA) event, in various erabodiments.

10 [06824] One aspect of the present subject matter provides a medical device
for apnea discrimination. The device may include a sensor configured to sense a
parameter related to heart sounds of a patient and a processor adapted to be
connected to the sensor. The processor may be counfigured to use the sensed
parameter to determine whether a detected apnea event is primarily an

15 obstructive sleep apnea (OSA) event or primarily a central sleep apuea (CSA)
event. Additionally or alternatively, the processor may be configured to use the
sensed parameter to determine whether the patient may be classified as primarily
experiencing OSA or as primarily experiencing CSA. In addition to determining
the patient’s prumary apnea type (OSA or CSA), or as a separate determination,

20 the processor may be configured to use the sensed parameter to deternyine a mix
or ratio of OSA and CSA for that individual patent. The mix or ratio may be
displayed or otherwise communicated to a chinician for diagnostic assistance. In
sorae cases, the display may present the mix or ratio of OSA and CSA in textual
format, as a trend, or in any other suitable manner.

25 |60%§] According to various embodiments, the progessor may be configured
1o use variability in low frequency components of a spectrum of at least one of
R-R intervals, S1 amplitude, 52 amplitude, S3 amplitude or systolic time
intervals over time to determine prevalence of primarily OSA events and
primaridy CSA events tor the patient. In various embodiments, exaraples of

30 systolic time intervals include: pre-ciection period (PEP): -S1, R-81, ciection
time, diastolic interval and S1-82 interval. Various embodiments include any of

these timing intervals or an entire R-R interval.

N
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[6826] The processor may be configured to conduct a time-frequency
decomposition of the signal of interest using any standard time frequency
methods, such as short term Fourier transform, wavelet transform, Wigner-Ville
transform, etc. to obtain a spectrogram of the signal over some period of time
which could range from the last fow minutes, to the last fow hours, to the last
few days. The processor may be configured to use the variability along the
frequency axis on the spectrogram to determine a likelihood of observing CSA
or OSA on the next apnea ovent, in various embodiments. In various
embodiments, the processor roay be configured to adjust a discrimination
threshold for the next apnea event based on the determined likelihood. The
processor may be configured to track a set of consistent spectral peaks on the
spectrogram and use encrgies of tracked peaks to determine relative prevalence
of primarily OSA events and primarily CSA events for the patient, in an
embodiment. Dynamic programming algorithms such as the Viterbi algorithm
may be employed to track the set of most consistent peaks over time. Such
algorithros usually define a cost-function based on the energies of candidate
peaks and the offsets (in frequencies) between peaks across time steps, and use
minimization of the cost function to derive a set of consistent peaks across time.
For example, a consistent peak track could be defined as a collection of peaks
over time (one peak at every time step on the spectrogram) that maximizes the
sum of energies at those peaks and minimizes the absohite sum of the differences
in frequencies between peaks at successive time steps. In various embodiments,
the processor may be configured to use encrgy of the tracked peaks relative to
total spectral energy to determine a likelihood of observing CSA or OSA on the
next apnea event. The processor may be configured to adjust a discriroination
threshold for the next apuca event based on the determined likelihood, according
to various embodiments, For examaple, if the total encrgy at the tracked set of
peaks is 80% of the total spectral energy over the last N houars, then the a priori
tikelihood of observing a CSA event at the next apueic episode 15 20%. Thus, the
ext apneic event is declared to be an OSA event only if similarity of the carly
portions of the tidal volume signal to an OSA template is at least 4 (80/2() times

the similarity to a CSA template. In this way, the detection for the current event
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is biased towards being labeled a CSA given that higher likelthood of observing
a CSA based on the spectrogram analysis.

[6627] Some embodiments may include a memory to store historical data of
CSA events and O5A events for the patient, and the processor may be
configured to calculate likelihood for each apniea ovent based on the historical
data. In various embodiments, the processor may be configured to use the
calculated likelihood to determine whether the next apnea event is likely to be
primarily an obstructive sleep apuea (OSA) event or primarily a central sleep
apnea (CSA) event. For example, if a patient has historically expericnces 80%
CSA episodes and 20% OSA episodes over the last N hours or last N days, then
the a priori likelihood of observing a CSA event at the next apueic episode is
R0%.

[D028] In some embodiments, a confidence score may be assigned to the
apneic classification over a period (N hours, for example) based upon the
comparison of the stored historical data of CSA and OSA eveuts for that patient
over the period with & spectrogram-based assessment of prevalence of CSA and
OSA over the same period. If there is a close maich between the classification
results (stored as historical data) and the spectrogram based estimates, the resalts
are labeled as bigh confidence. I there is a musmatch between the assigned
classification and spectrogram based assessment results are flagged as low
confidence.

[0829] FIG. 4 ilthustrates a tlow diagram for an exarople of a method of
identifying apnea, according to various embodiments of the present subject
matter. At 402, a patient’s respiratory cycle is monitored, such as with minute
ventilation (MV) using Z-based tidal volume in an embodiment. Other
parameters indicative of a pationt’s respiratory cycle may be monitored without
departing from the scope of the present subject matter. If a reduction in tidal
swing is detected at 404, an apuea event s detected and a shape of the reduced
tidal swing signal is compared to a normal tidal swing at 406, I the shape s
similar to normal tidal swing, the apnea event is primarily 3 CSA event at 408.
If the shape is not similar to normal tidal swing, the apnea event is primarily an
OSA event at 410, Various embodiments compare shape similarity {0 a stored

prior OSA template. Further embodiments compare shape similarity to ideal

o0
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sine waves as a surrogate for a CSA waveform template. Still further embodiments
cornpare shape sirmlarity to ideal square waves as a surrogate for an OSA waveform
template.

16834} In various embodiments, the present subject matter determines apnea
and discriminates apnea type in a first portion of an apnea event, so that
appropriate therapy can be applied in a tiroely roanner. In one crubodiment
apnea is discriminated in the first 10 to 15 percent of an apnes episode. Other
time periods can be used without departing from the scope of the present subject
matter. o various embodiments, an a priori hkelihood is developed from a
prevalence of episodes determined from historical data, and the likelihood is
used to discriminate carrent apnea events. According to varicus embodiments,
shape of the monitored iropedance characteristic is used to discriminate apnea
events, For exarople, OSA changes the shape by flattening the characteristic. In
one cxaraple, CSA has the same shape with a reduced magnitude,

18631} According to various embodiments, the present subject matier may
pse patency from an immpedance-based tidal volume signal to discriminate OSA
and CSA, Various embodiments may use a priori likelihoods for an apnea
episode based upon the historic prevalence of the two types of apneas or long
terro (robust) analysis of historic data in a given patient, for apnea
discrimination. The present subject matier may use an estimate of prevalence of
CSA and OSA to assess the likelihood of the next apnea cvent, in an
embodiment. Quantification of prevalence of CSA and OSA may be determined
as discussed, inchuding examining vartability in Fourier transforms, in an
embodiraent

16432 FIGS. SA-5C illustrate graphical diagrams showing cxamples of
sigoals that yoay be used to discriminate OSA and CSA, according to various
embodiments of the present subject matier. The depicted graphs show short term
Fourier transforms of R-R intervals computed over short epochs at ditferent
points in time throughout the night, in various embodiments. In some
embodiments, 51 amplitude, 52 amplitude, S3 amplitude or any systolic time
intervals ray be used as the signal of interest instead of R-R intervals. CSA
episodes are usually associated with oscillations at a characteristic system

frequency (which is below the respiration frequency of 0.1-0.3 Hz) resulting n
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Cheney stokes pattern. Cheney stokes oscillations lead to a waxing and waning
of respiratory drive at the same characteristic frequency which in turn sets up
oscillations at the Cheney stokes frequency in the intrathoracic pressures. Such
an oscillatory pattern leads to oscillations in Heart rate, S1 amplitade, 52
5 amplitade, 83 aroplitudes and time tndervals (systolic and diastolic) that show up

as a narrow band of spectral peaks at the characteristic Cheney stokes frequency
on the spectrogram. On the other hand, in case of OSA episodes there are no
oscillations at any characteristic frequency and hence, the spectral coraponernds in
the low frequency region of the spectrogram are corapletely random. These

10 expected profiles of CSA and OSA in the low frequency region of the
spectrogram can be used to quantify the prevalence of CSA and OSA episodes
over & given period. fn F1G, 5A, variability in low frequency (below respiration)
components of R-R intervals is very high and is indicative of a primarily OSA
apnea event in an embodiment. For example, various embodiments find that it s

15 more likely that OSA dominates an event when there are greater amount of
variability in the peaks. FIG. 5B shows an embodiment of a primarily CSA
apnea event, as there is less variability observed in the peaks of the low
frequency components. FIG, 5C illustrates an embodiment of a more complex
profile, that inchudes both CSA and OSA. A set of peaks could be isolated over

20 time that are closely located in frequency. Such a set would be characterized by
fow variation in frequency (due to constraint on the peaks being closely located
in frequency) and thus would be characteristic of CSA portions of aprneic
episades. The relative energies of peaks within this set relative to total spectral
energy in the spectrogram could be indicative of the portion of apneic episodes

2 within this time period that are CSA.  In various erabodiments, the spectral

Je

profiles depicted 1u FIGS. SA-5C and their analysis roay be used to sctan a
priori likelihood for the next apnea cvent for a patient.
16433} In some embodiment any variable out of R-R interval, Si amplitude,
82 aroplitude, 83 amplitude, systolic or diastolic interval may he used as the

30 sigoal of interest to perform the spectral analysis. In another embodiment,
spectral analysis can be individually conducted on more than one of the variables

and the results combined/averaged for a more robust estimation.
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FIGS. 6A-6B illustrate flow diagrams for an example of methods of

|91

ctermining a priort likelihood of next apneic event based on the profile of the

low frequency portion of the spectrogram over the last N minutes, or last N

hours or last N days by adjusting aun apunea discrimination threshold, according

~p

)
various embodiments of the present subject matter. FIG 6A illustrates an

example of a method using low frequency spectrogram variability to adjust an
apnea discrimination threshold, in an embodiment. At 602, low frequency
variability of an impedance-based fidal volume signal spectrograr is monitored
10

over a prograramable time period (N min or N days or N hours). Observed

variability is projected on a contimium between an ideal fow level (indicative of
CSA) and an ideal high level (indicative of OSA), at 604, At 606, the projection
is used as a hkelithood of observing CSA or OSA for the next apnea event. At
608, the discrimination threshold is adjusted for the next apnea event based on
the likelihood, in varicus embodiments. For example, if spectrogram analysis
15

mdicates that the prevalence of CSA was 30% over the tast N howrs, then the a

priori likelihood of observing the next apneic event as CSA is 80% and threshold
is set such that similarity of the next event to an OSA template should be at least
20

four tirnes the similarity to a CSA template in order for it to be labeled OSA. In

this way, the classification of the next cvent is biased towards being labeled CSA
analysis.
(6835}

i light of the high a priori likelihood of it being a CSA based on spectrogram

FIG 6B tlustrates an exarople of a2 method using alignment of peaks
on a spectrogram to adjust an gprea discrimination threshold, in an embodiment,

At 612, a set of closely aligned peaks on a spectrogram are tracked in time.
Dynaric programming algorithms such as the Viterba algorithm may be
eraployed to track the set of most consistent over time. Such algorithims usually
define a cost-function based on the cnergies of candidate peaks and the offsets
consistent peak trach

cost function to derive a set of consistent peaks across time. For example, a

{(in frequencies) between peaks across time steps and use minimization of the
30 O

culd be defined as a coliection of peaks over time (one
pealc at every time step on the spectrogram) that maximizes the sum of energies

at those peaks and minimizes the absohite sum of the differences in frequencies

[y
[y

hetween peaks at successive time steps. At 614, tracked spectral peaks are
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categorized as having a characteristic frequency (CSA) and other peaks are
categorized as OSA. Energy of tracked peaks versus other peaks is used as a
likelihood of observing USA or OSA, at 616. At 618, the discrimination
threshold is adjusted for the next apnea event based on the likelihood, i various

ernbodirments.

|91

13336} FIG. 7 dlastrates a flow diagram for an example of a method of
identifying apnea, according to various embodiments of the present subject
matter. The depicted method erabodirnent includes three parts: likelthood
estirpation 702, real-time discrimination 712 and storage 722, At 704, likelihood

10 cstimation includes gathering physiclogic data over a programmable time period.
Analysis is performed on the gathered data to characterize apnea events for a
patient over a CSA-OSA spectrum, at 706, At 708, a probability and/or
prediction function s generated for input into a CSA or OSA determination.
The process is updated at 710, The process can be updated programmably,

15 periodically, intermittently and/or continually, in various embodiments.
16837} At 714, real-time discrimination includes monitoring at least one of:
respiratory cycle with MV, PPT, ECG, S1/53 heart sounds and cardiac intervals.
If CSA is determined at 716, an apnea-hypopunea index is updated at 724, In
various embodiments, an apnea ndex includes CSA and OSA counts, durations,

20 etc. Ifno CSA is determined at 716, then a determination is made of OSA at
718. H OSA is determined at 71¥, an apnea-hypopnea index is updated at 724,
If no OSA is determined at 716, then an apoca-hypopuoea index is updated at
724, Additiona! implanted sensors may be used to further augment CSA/OSA
classification, such as spectral analysis of S1/83 heart sounds (amplitudes), pulse

25 transit time {ECG/cervical impedance plethysmography), ECG-based spectral
analysis, and cardiac interbeat interval time series, in various embodiments.
Once apoes is determined and discriminated, the appropriate therapy can be
applied in a closed loop system, such as the apnea therapy in co-pending,
comunonly assigned, U.S, Patent Application Sertal No. 61/975,090, entitled

30 “METHODS AND APPARATUS FOR APNEA THERAPY STIMULATION”,

filed on April 4, 2014, which is hereby incorporated by reference in ifs entirety.

{6638} The present subject matter provides a diagnostic tool for clinicians to
determoine extent of apnea (e.g. apnea-hypopnea index (AHT)), to determine type

12



WO 2015/153044 PCT/US2015/018669

of apuea (OSA, CSA, or where the paticnt falls on the central-ohstructive apnea
spectrum}, and/or to provide clinician guidance on determining that patient’s
therapy {CPAP type/settings; phrenic or hypoglossal stimmlation; etc.). This
diagnostic tool can be provided in any medical device including, for example, an

iroplantable stiulator, (e.g. pacemaker, implantable cardioverter defibrillator

|91

(ICD), subcutaneous ICD (S5-1CD), cardiac resynchronization therapy (CRT)
device, or nerve stimulator such as a vagal nerve stimudator, a carotid sinus
stimulator, a hypoglossal nerve stirnulator, or a phrenic verve stimulator), an
implantable diagnostic device or monitor, a wearable device {(e.g. patches or

10 wvests), or external medical devices.
[6639] FIG. 1 illastrates an example of stinnilation system 100, The systery
may include an external roedical device, such as external patch based sensors, in
various embodiments, Other types of external medical devices may be used for
apnea discrimination withowut departing from the scope of the present subject

15 matter. Various embodiments of the system may inchude an implantable medical
device (IMD) 102 implanted into a patient’s tissue and an external device such
as a programumer 104 external to the patient’s body. The programmer 134 and
the IMD 102 may communicate via a telemetry link 106, Ewmbodiments of the
systera without sensing are included within the scope of the present subject

20 maticr.

633481 FIG. 2 illustrates an example of a system that includes an implantable
medical device (IME) and an external device such as the programmer {04 of
FIG. 1. The IMD 102 may be coupled to at least a portion of a stimulation lead
202 having one or more electrodes 204 disposed on the lead 202. The leads 202

25 may include leads or electrodes that ave in or on the heart, on vagus, hypoglossal,
or phrenic nerves, on the carotid sinus, and may include subcutancous electrodes
{such as 5-ICD or subcutancous HF monttor), or other locations on ot in the
patient’s body. In various embodiments, the lead 202 may mchude cuff
electrode(s), helical electrode(s), or other electrode configuration configured to

30 deliver monopolar, bipolar or multipolar stiroulation. The lead 202 may have
dimensions suitable to place the one or more electrodes 204 proximate to a site
of a neural pathway. For example, the electrode(s) may be intravascular

electrodes or may be configured to otherwise be placed proximate to a nerve. For

[y
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exaraple, clectrode(s) may be placed in the juternal jugular vein (IV) to
stinrulate a cervical vagus nerve, or may be placed in the carotid sheath at a site
proximate the vagus nerve of a patient. Monopolar delivery occurs when a
selected electrode s activated along with a reference electrode amongst the

electrodes 204, so that electrical energy s transmitted between the selected

|91

electrode and the reference electrode. Monopolar delivery may also occur when
one or more of the selected electrodes are activated along with a large group of
electrodes located from the clectrode(s) 204 so as to create a monopolar effect;
that 1s, clectrical energy is conveyed from the sclected electrode(s) 204 ina

10 relatively isotropic manner. Bipolar delivery occurs when two of the electrodes
204 are activated as anode and cathode, so that electrical energy is transmitted
hetween the activated clectrodes. Multipolar delivery occurs when multiple

glectrodes 204 are activated,

j841] The IMD 102 may inclede a stimulation circuitry 206, sensor

15 circuitry 2190, a controller circuitry 212, a transceiver/telemetry circuitry 214,
and a memory 216, The stimulation circuitry 2006 is electrically coupled to the
clectrodes 204 using conductors of the stimulation lead 202, The stinmiation
circuitry 206 delivers electrical signals to the electrodes 204 to stimulate the
desired target to provide stimulation. The progranuner 104 may be used to

20 program stimulation parameters into the memory 216. The controlier circuitry
212 may use the programmed stimulation parameter to control the stimulator
circuitry 206 to generate the stinmdation that corresponds to the programmed

stimulation parameters,

3\

(6842} The IMD 102 may include one or more sensor(s) 208 for sensing

N
(¥}

physiological parameters such as cardiac contractions which may be used to
determoine heart rate (beats per minuie or bpm) or rhythm information, tissue
impedance (ohrns), mtrinsic atrial-ventricular (AV) delay (seconds), heart
sounds, respiratory sounds, pressure, respiration, acceleration (activity and

posture), nerve traffic, chemical parameters, or the Hke. The sensor(s) 203 can

[E8
<

be located external to the IMD 102 housing, or encapsulated within the IMD 102
housing. The sensor{s) 208 can be attached to the sensor circuitry 210, The

sensor circuitry 210 can inclhude various components, such as instrumentation

-
o
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amplifiors, signal filters, eic., that process the clectrical signals for determining
the physiclogical parameters

10043

Je

The sensor circuitry 210 foeds the physiological parameters to the

controlier circuitry 212, The controller circuitry 212 controls various operations

of the IMD 102 and can inchude programmable microprocessors,
ers,

microcontrollers, or the like. For example, the controlier crcutiry 212 may be
programmed to perform therapy and send control signals to the neural stimulator
circuitry 206 for transmitting electrical stinmulation pulses to the electrodes 204,
The controller circuttry 212 analyzes the determuned physiological pararacters
10 and other parameters inputted by the user using the programmer 104 to assess
appropriate therapy regime and send control signals to neural stimulation

circuitry 206 for transmitting stimulation pulses to the patient’s target tissue.
16044]

The transceiver/ telemetry circuiiry 214 may conumunicate the
determined physiological parameters to the programmer 104 located external to
the patient’s body. The telemetry circuitry 214 may usc a suitable

comnunication protocol, such as, the medical implant commaunication service

{(MICS} in the bandwidth of 402-405 MHz, for communicating with the
programmer 104,

10045
20

The memory 216 may be used to store the stimulation parameters
received from prograromer 104 and the physiological parameters determined by

the sensor circuitry 210, For example, the memory 216 can store at least one
Y

[ne]

[ €]

vear of daily icad impedance measurements and/or program usage. In another

regime.

example, the memory can store lifetime encrgy use data for the device. In vet
sensed parameter, for example, heart rate, for assessing the appropriate therapy

another exarople, the memory may store a list of rocasurements over time of a
18646}

The IMD 102 can be encased in a biccompatible metallic,
polymeric, or compostte housing (not shown), according to various
30

ernbodiments. The housing protects the compouents of the IMD 102 from

coming in contact with the patient’s tissue. Additionally, the IMD 102 inchudes
a power source such as a battery for delivering power to the IMD 102.

[y
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FIG. 3 illustrates an example of an external device such as the
programmer 104 of FIG. 1. The programmer 104 may be a portable device or

|91

hand held device that includes a controller/processor 302, a memory 304, a

display 306, an input/output (V0) unit 308, a transceiver/telemetry unit 310, and

10048

a communications interface 312, The prograromer 104 may be housed within a
polymeric, metallic or composite housing.

The controller 302 controls various operations of the programmer
104, The controller 302 may include any suttable computing device, for
15

exaraple, microprocessors, raicrocomputers, microcontrollers, digital signal
processors, central processing units, state machines, logic circuitries, and/or any
devices that manipulate signals based on operational instructions. Among other

capabilities, the controller 302 may be configured to fetch and execute

computer-readable instructions stored in the memory 304, Further, the controlier
302 may be configured with standard or customized operating systems, such as,
Micresoft Windows, Linux, UNIX, or the like, with one or more custom
software installed to control the operations of other components of the
programmer 104, The controller 302 may be g fixed or portable computing
device such as a deskiop computer or a laptop, tablet or phone. The telemetry

unit 310 communicates with the IMD 102 using the telemetry tink 106 (FIG. 1)

20

In some embodiments, the telemetry unit 310 allows the programmer 104 to

control and program the IMD 102, In addition, the telemetry unit 310 allows the

programmer 104 to commanicate with the IMD 102 (shown in FIG. 2).

Vartous Examples
6849}

An example (e.g. “Example 17} of a medical device for apnea

discrinmination may inchude a sensor configured to sense an impedance-based

tidal volume signal to monitor a respiratory cycle of a patient, and a processor
adapted to be connected to the sensor. The processor may be configured to

detect a reduction iu tidal swing using the sensed impendence to detect an apuea
event and to compare a shape of the sensed signal to a stored signal shape to

30  determine whether the detected apnea event is primarily an obstructive sleep

apnea {OSA) event or primarily a central sleep apnea (CSA) event.

[y
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(6438 In Example 2, the subject matter of Example 1 may optionally be
configured such that the stored signal shape includes a normal tidal swing shape

for the patient.

(6651} in Example 3, the subject matter of Example 2 may optionally be
configured such that, if the shape of the scused signal s similar to the normal

tidal swing shape, the apnea cvent is determined 1o be priroarily a CSA event,

160521 In Example 4, the subject matter of any one or any combination of
Examples 2-3 may optionally be configured such that, if the shape of the sensed
sigoal s not similar to the normal tidal swing shape, the apnea event is

determined to be primarily an OSA event.

(6433} In Example §, the subject matter of any one or any combination of
Examples 1-4 may optionally be configured such that the stored signal shape

imclodes a stored prior OSA waveform template.

16054} In Example 6, the sabject matter of any one or any combination of
Examples 1-5 may optionally be configured such that the stored signal shape

includes a sine wave or a Square wave,

355 In Example 7, the subject matter of any one or any combination of
Examples 1-6 may optionally be configured such that the processor is coufigored
to use varability in low frequency components of a spectrum of at least oue of
R-R intervals, 81 amplitude, 52 amplitude, 83 amplitude or systolic time
intervals to determine prevalence of primarnily OSA events and primarily CSA

events for the pationt.

18054] In Example 8, the subject matter of Examiple 7 may optionally be
configured such that the processor is contfigured to use the variability to

determine a likelihood of observing CSA or OSA on the next apnea event.

16637} In Example 9, the subject matter of Example 8 may optionally be
configured such that the processor is configured to adjust a discrirnination

threshold for the next apnea event based on the determined likelihood.

-
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3338} In Example 10, the subject matier of any one or any combination of
Exarples 1-6 may optionally be configured such that the processor is configured
to track a set of spectral peaks on a spectrogram and use energies of tracked
peaks to determine relative prevalence of primarily OSA events and primarily

CSA events for the patient.

16059] To Example 11, the subject moatter of Example 10 may optionally be
configured such that the processor is configured to use energy of the tracked
peaks relative to total spectral energy to determine a hikelihood of observing

CSA or OSA on the next apnea event,

[B068] In Example 12, the subject matier of Example 11 may optionally be
configured such that the processor is configured to adjust a discrimination

threshold for the next apnea event based on the determined likelihood.

16861} In Example 13, the subject matter of any one ov any combination of
Examples 1-12 may optionally be configured such that the device further
mcludes g memory to store historical data of CSA events and OSA events for the

patient.

6662} In Example 14, the subject matter of Example 13 may optionally be
configured such that the processor is configured to caleulate a likelhood for

cach apunea event based on the historical data.

16863} In Example 15, the subject matter of Example 14 may optionally be
configured such that the processor is configured to use the caleolated likelihood
1o determine whether the apnea event is primarily an obstructive sleep apnea

{OSA) event or primarily a central sleep apnea (CSA) event.

[3064] An example {c.g. “Example 167} of a method for apnea
discrimination may include sensing an impedance-based tidal volume signal to
monitor a respiratory cyele of a patient, detecting a reduction in tidal swing
using the sensed impendence to detect an apnea event, and, when the apnea
event is detected, comparing a shape of the sensed signal to a stored signal shape
to determine whether the apnea event is primarily an obstructive sleep apnea

{OSA) event or primarily a central sleep apnea (CSA) event.

18
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[3365] In Example 17, the subject maticr of Example 16 may optionally be
configured such that the stored signal shape includes a normal tidal swing shape

for the patient.

[6866] in Example 18, the subject matter of Example 16 may optionally be
configured such that the stored signal shape includes a stored prior O5A

waveform template.

188671 In Example 19, the subjoct matter of Example 16 may optionally be

configured such that the stored signal shape includes a sine wave.

33681 In Example 20, the subject matter of Example 16 may optionally be

configured such that the stored signal shape inchudes a square wave,

{8069} In Example 21, the subject matier of Example 17 may optionally be
configured such that, if the shape of the sensed signal is similar to the normal

tidal swing shape, the apnea event is determined to be primarily a CSA event.

(6678} in Example 22, the subject matter of Example 17 may optionally be
configured such that, if the shape of the scused signal 18 not similar to the normal

tidal swing shape, the apnea cvent is determined to be primarily an OSA event.

16671 In Example 23, the subjoct matter of Example 16 may optionaily be
configured such that the method further includes calculating likelihood for each
apnea event based on historical prevalence of CSA events and OSA events for

the patient.

18472} In Example 24, the subject matter of Example 23 may optionally be
configured such that the method further inchides using the calculated Hielihood
to determine whether the apnea event is primarily an obstructive sleep apnea

{OSA) event or primarily a central sleep apnea (CSA) event.

18473} In Example 25, the subjoct matter of Example 16 may optionaily be
configured such that the method further inclades assigning a confidence score to
the determunation of whether the apnea event is primarily an obstructive sleep

apnea {OSA) event or primarily a central sleep apuca (CSA) event.
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[8474] An exarople (e.g. “Exarople 267) of a medical device for apnea
discrimination may inciude a sensor configured to sense an irapedance-based
tidal volume signal to monitor a respiratory cycle of a patient, and a processor
adapted to be connected to the sensor. The processor may be configured to

detect a reduction in tidal swing using the seused impendence to detect an apnea

|91

event and to corapare a shape of the sensed signal to a stored signal shape to
determine whether the detected apnea event is primarily an obstructive sleep

apnea {OSA) event or primarily a central sleep apuca (CSA) event.

7

[8475) In Example 27, the subject maticr of Example 26 may optionally be
10 configured such that the processor is configured to use variability in low

frequency components of a spectrum of at least one of R-R intervals, 51

amplitude, 52 amplitude, 53 amplitude or systolic time intervals to determine

prevalence of primarily OSA events and primarily CSA events for the patient.

18876} In Example 28, the subjoct matter of Example 27 may optionaily be
15 configured such that the processor is configured to use the vanability to

determine a likelihood of observing CSA or OSA on the next apnea event.

18677} In Example 29, the subject matter of Example 28 may optionally be
configured such that the processor is configured to adjust a discrimination

threshold for the next apnea event based on the determined likelihood.

20 [8878] in Exampie 30, the subject matter of Example 26 may optionally be
configured such that the processor is configured to track a set of spectral peaks
on a spectrogram and use energies of tracked peaks to determune relative

prevalence of primarily OSA events and primarily CSA events for the patient.

184791 In Example 31, the subject matter of Example 3¢ may optionally be

o]
Ut

configured such that the processor is configured to use energy of the tracked

caks relative to total speciral energy to determine a likelihood of observing
CSA or OSA on the next apnea event, and wherein the processor is configured to
adjust a discrimination threshold for the next apnea event based on the

determined hikelthood.

20
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{8480} An exarople (e.g. “Exarople 327) of a medical device for apnea
discrimination may inciude a sensor configured to sense a parameter related to
heart sounds of a patient, and a processor adapted to be connected to the sensor.
The processor may be configured to use the sensed parameter to determine

whether a detected apnea event is primarily an obstructive sleep apnea (OSA)

|91

event or primarily a contral sleep apnes (CSA) event.
33811 In Example 33, the subject matter of Example 32 may optionally be
configured such that the parameter related to heart sounds of the patient includes
variability in low frequency compounents of a spectrurn of at feast one of R-R
10 imtervals, S1 amplitude, 82 amplitude, 53 amplitude or systolic time intervals.
{6082} In Example 34, the subject matter of Example 32 may optionally be
configured such that the device further includes a memory to store historical data
of CSA events and OSA events for the patient,
HERY In Example 35, the subject matter of Example 34 may optionally be
15 configured such that the processor is configured to calculate tikelihood for each
apnea event based on the historical data and to use the calculated likelihood to
determine whether the apnea event is primarily an obstructive sleep apnea (OSA}

event or primarily a central sleep apnea (CSA) event.

[6084] FEach of these non-limiting examples can stand on ifs own, or can be
20  combined in various permutations or combinations with one or more of the other

examples.

j3885] One of ordinary skill in the art will understand that, the modules and
other circnitry shown and described herein can be implemented using software,

hardware, and/or fivmware. Various disclosed methods roay be tmplemented as

[AS]
431

a set of instractions contained on a computer-accessible medium capable of
directing 8 processor to perform the respective method.

[6686] This application is intended to cover adaptations or variations of the
present subject matter, 1t s to be understood that the above description is

intended to be illustrative, and not resirictive. For example, the present subject

[E8
<

matter can be applied to other medical procedures where heating or ablation of

tissue is desived. The scope of the present subject matier should be determined
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with reference to the appended claims, along with the full scope of legal

equivalents to which such claims are entitled.
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What is claimed s:

1. A medical device for apnea discrimination, the device comprising:

a sensor configured to sense an tmpedance-based tidal volume signal to
monttor a respiratory cycle of a patient; and

a processor adapted to be connected to the sensor, the processor
configured to detect a reduction in tidal swing using the sensed impendence to
detect an apnea event and to compare a shape of the sensed signal 1o a stored
signal shape to determine whether the detected apnea event is primarily an
obstructive sleep apnea (OSA) event or primarily a central sleep apnea (CSA)

event,

2. The device of claim 1, wherein the stored signal shape includes a normal
tidal swing shape for the patient.

3. The device of claim 2, wherein if the shape of the sensed signal is similar
to the normal tidal swing shape, the apnea event is determined to be primarily a

CSA event.

4, The device of claim 2 or claim 3, wherein if the shape of the sensed
signal s not similar to the normal tidal swing shape, the apnea event is
determined to be primarily an OSA event.

5. The device of any of the preceding claims, wherein the stored signal

shape includes a stored prior OSA waveform template.

6. The device of any of the preceding claims, wherein the stored signal

shape includes a sine wave or a square wave,

7. The device of any of the preceding claims, wherein the processor is
configured to use variability in low frequency components of a spectrum of at

jeast one of R-R intervals, S1 amplitude, S2 amplitude, S3 amplitude or systolic

o=
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tiroe intervals to determine prevalence of primarily OSA events and primarly

CSA cvents for the patient.

&. The device of ¢laim 7, wherein the processor is configured to use the
variability to determine a hikelthood of observing CSA or O5A on the next apnea

event.

9. The device of claim §, wherein the processor is configured to adjust a
discrimination threshold for the next apuca event based on the determined

likelihood.

10.  The device of claim any of claim 1 through claim 6, wherein the
processor is configured to track a set of spectral peaks on a spectrogram and use
energies of tracked peaks to determine relative prevalence of primarily O5A

events and primarily CSA events for the patient.

i1, The device of claim 10, wherein the processor is configured to use
energy of the tracked peaks relative to total spectral energy to determine a

likelihood of observing CSA or OSA on the next apnea cvent,

i2.  The device of claim 11, wherein the processor is configured to adjust a
discrimination threshold for the next apuca event based on the determined

likelihood.

13. The device of any of the preceding claims, further comprising a memory

1o store historical data of CSA events and OSA cvents for the patient.

id.  The device of claim 13, wherein the processor is configured to calculate a

tikelihood for each apnea event based on the historical data.

15.  The device of claim 14, wherein the processor is configured to use the

calculated likelihood to determine whether the apnea event is primarily an
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obstructive sleep apnea (OSA) event or primarily a central sleep apuea (CSA)

s

cvent,

Je
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