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SYSTEM AND METHOD FOR DETECTING WORSENIRNG
OF HEART FALLURE BASED ON TIDAL VOLUME

CROSS-REFERENCETO RELATED APPLICATIONS

This application claims priority under 35 US.C. §119 to U.S. Provisional
Application Serial No. 61/862,330, filed August §, 2013, the entirety of which is

incorporated herein by reference.

TECHMNICAL FIELD

The present disclosure generally relates to systemns and methods for assessing
progression of heart failure (HF) mn a patient and, more particularly detecting a
worsening of patient’s heart failure condition using one or more respiration related

parameters.

BACKGROUND

Various disorders that affect the cardiovascular system may also impact
respiration. For example, heart faiture is an abnormality of cardiac function that
causes cardiac output to tall below a level adequate to meet the metabolic dersand of
peripheral tissues, Heart faiture (HF) is usually referred to as congestive heart failure
due to the accompanying venous and pulmonary congestion. Heart fatfure may have a
variety of underlying causes, including ischemic heart disease {coronary artery
discasc}, idiopathic cardiomyopathy, hypertension (high blood pressure), and
diabetes, among others,

Various types of disordered respiration are associated with HF. Respiration
rate is Huoked to the patient's physical condition and is indicative of the patient's
disease or health state. In some types of chronic diseases, changes in respiratory rate
are gradual over time and may be measured over months or years. However, in heart
fatlure decompensation, increases in respiratory rate can oceur over days or weeks.
Clinical data collected in the ambulatory setting has demonstrated a statistically
significant difference between respiration rate distributions from healthy subjects
when compared to patients.

Rapid shallow breathing (RSB} is a typical pattern associated with shortness
of breath or difficult breathing (dyspnea: the subjective fecling of being out of breath)
caused by heart or fung disorders, strenuous activity, high anxiety or stress. RSB s

different from tachypuea (rapid breathing) and hyperpuea {deep breathing).
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Tachypnea and hyperpnea can occur with hyperventilation, or over breathing beyond
what is required to maintain arterial blood gases within normal himits, whereas
hyperpnea may be an appropriate increase in breathing such as with exercise, RSB
can be associated with symptoms of shortness of breath, or dyspnea. Dyspnea derives
from interactions among multiple physiological, psychological, social, and
environmental factors, and may induce secondary physiological and behavioral
responses.  Fear or anxiety may create even more distress in dyspneic pationts.
Dyspnea is among the primary factors that reduce patients’ quality of life and
is a priruary reason why many HF patients return to the hospital following a HF
decorapensation episode. Tt is estimated that nearly one mitlion hospital admissions
for acute decompensated heart failure occur in the United States cach year, which is
almost double the mumber admitted 15 years ago. The re-hospitalization rates during
the 6 months following discharge arc as high at 50%. 1t s estimated that nearly 29 of
all hospital adnussions in the United States are for decompensated HF patients, and
heart faihure is the most frequent cause of hospitalization in patients older than 63
vears, The average duration of hospitalization is about 6 days. Despite aggressive
therapies, hospital admissions for HF continue to increase, reflecting the prevalence

of this malady.

SUMMARY
The present disclosure generally relates to systems and methods for assessing
progression of heart fathure (HF) in a patient and, more particularly detecting a
worsening of patient’s heart faitare condition using one or more respiration related
parameters,

In one example, a systoem for monitoring progression of heart failure in a
patient may inchide: a sensor configured to detect respiration in a patient and
configured to gencrate signals mndicative of the patient’s respivation over suultiple
wenty-four hour periods; and circuitry coupled to the sensor. The circuitry may be
configured to determine a phwality of tidal volume measurements for cach of the
multiple twenty-four hour periods using the sigoals indicative of the respiration of the
patient. The circuitry may also determine a representative tidal volume value for a
selected portion of cach of the multiple twenty-four hour periods based, at least in
part, on the corresponding plurality of tidal vohime measurements. n some instances,

the system may fuchide an outpat coupled to the curcuitry for providing an ocutput
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signal indicative of a cwrrent HF status of the patient based on a change (o.g
decrease) in the representative tidal volume value over maltiple twenty-four hour
periods. In some cases, the output signal may trigger an alert indicating that the
patient is in decline.

in another example, a method of determining a progression of heart failure ina

patient may include the steps of detecting respiration iu a patient over multiple
wenty-four hour periods using 3 sensor; determining a plurality of tidal volume
measurements for ecach of the multiple twenty-four hour periods using the signals
mdicative of the respivation of the patient; and determining a representative tidal
volume value for a selected portion of each of the multiple twenty-four hour periods
based, at least in part, on the corresponding plurality of tidal volume measurements.
In some mnstances, the method may inchude generating an output signal indicative of a
current HF status ot the patient based on a change (e.g. decrease) 1o the representative
tidal volume value over multiple twenty-four hour periods. In some cases, the output
signal may trigger an alert indicating that the patient is in dechine.

The above summary 1s not intended to describe cach ernbodiment or every
mmpleroentation of the present invention. Advantages and atiatrunents, together with a
more complete understanding of the disclosure, will become apparent and appreciated
by referring to the foliowing description and claims taken i conjunction with the

accormpanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The disclosure may be more completely understood in consideration of the
following description of vanous illustrative embodiments in connection with the
accornpanying drawings, in which:

Figure | is a schematic view of an implantable medical system that may be
used in accordance with various embodiments described herein;

Figure 2 1s a schematic block diagram of a medical system including an
implantable raedical device that may be used in accordance with various
embodiments described herein;

Figure 3 15 a schematic block diagram of a medical device that may be used in
accordance with various embodiments described herein;

Figure 4 shows a graphical representation of a representative tidal volume

vahie trended over multiple days preceding a current day;

[S)
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Figure 5 is a graphical representation of a representative rapid shallow
breathing index (RSBI) value trended over multiple days preceding a current day;

Figure 6 is a flow diagram of a method that may be implemented by a medical
device such as shown in Figure 3;

Figure 7 is a flow diagram of another method that may be implemented by a
medical device such as shown in Figure 3;

Figure & is a plot that charts the mexinwrg, mean, and minimum tidal volumes
at an average false positive rate of 1.5 false positives per patient year and a sensitivity
ranging from ¢ to 8.5;

Figure 9 is shows a relative operating characteristic (ROC) curve showing the
relationship between maximum tidal volume and different portions of the day;

Figure 10 i3 a relative operating characteristic (ROC) curve showing the
relationship between different portions of the day and maximum tidal volume,
minimum tidal volume, mean tidal volume, and mindimum tidal volume;

Figure 11 is 3 color plot showing maximum, mean, and minimum rapid
shallow breathing index values at ap average false positive rate of 1.5 false positives
per patient year and a seositivity ranging from 010 0.5;

Figure 12 is a relative operating characteristic (ROC) curve showing the
relationship between minimum RSB values and different portions of the day; and

Figure 13 s a relative operating characteristic (ROC) curve showing the
relationship between different portions of the day and a maximum RSBI, 2 minimam
RSBI, a mean RSBI, and a minimum RSBL

While the disclosare is amenable to various modifications and alternative
forms, specifics thereof have been shown by way of example in the drawings and will
be described in detail. It should be understood, however, that the intention is not to
limit aspects of the disclosure to the particular tHustrative embodiments described.
On the coutrary, the imtention is to cover all modifications, equivalents, and

alternatives falling within the spitit and scope of the disclosure.

DESCRIPTION

The following description should be read with reference to the drawings in
which similar elements in different drawings arc numbered the same. The description
and the drawings, which are not necessarily to scale, depict ithustrative embodiments

and are not intended to limit the scope of the disclosure.
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Information developed from respiratory data in accordance with various
embodiments provides for enhanced patient monttoring and therapy managenment,
particularly when the status of a patient is in decline. Tn some cases, analyss of one
or more respiration related parameters including respiration rate, respiratory interval,
tidal volume, mimite ventilation and/or a rapid shaliow breathing index (RSBI - which
may be defined as the ratio of respiration rate (RR) and relative tidal volume (TV)),
may provide for detection of carly onset of worsening of the patient's heart failure
status. Early onset of worsening of the patient's heart faihure status may be detected
based, at least u part, on a trend for a respiratory related parareter inchuding

espiration rate, tidal volume, and/or a RSBY, but not limited to these. Depending
upon the application, the trend may be an increasing or decreasing trend. The
respiration-related data may be trended over a period of one day, one week, one
month, two months, one vear, eic., but not fimited to these. One day may be defined
as a single twenty-four hour period. One day may also be defined as a selected portion
of a single twenty-four hour period. In some cases, a twenty-four hour period may
begin at ymdnight G.e. 12:00 AM or 00:00 hours). In another case, a twenty-four hour
period may begin at any tine of the day.

Analysis of the patient's respiration and pararoeters related to the paticnt’s
respiration, which may be used alone or in combination with other physiclogical
imformation, roay trigger an alert indicating a change in the patient’s statas. In
particular, trend analysis of one or more of the patient’s respiratory related parameters
such as, for example, respiration rate, respiratory interval, tidal volume, minute
ventilation, and/or RSBI may trigger an alert indicating a deleterious change o the
patient’s heart failure status.

A wide variety of medical devices, such as cardiac sensing and/or stimulation
devices or other implantable and patient-external medical devices having respiratory
sensing capabilities, may be configured to monitor and/or trend one or more
respiratory related parameters jochuding respiration rate, respiratory interval, tidal
volome, minute ventilation and rapid shallow breathing index. Additionally, these
medical devices may be further configured to generate an output indicative of a
patient’s current heart failure status based, at least in part, on an analysis ofa
monitored trend. A non-limiting, representative list of such devices may inclade
cardiac monitors, pulmonary monitors, pacemakers, cardiovertors, defibriflators,

resynchronizers, neural stimulators, and other cardiac sensing and therapy delivery
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devices. These devices may be configured with a variety of electrode arrangements,
including surface, transvenous, endocardial, and epicardial electrodes (t.e.,
intrathoracic electrodes), and/or subeutancous, non-intrathoracic electrodes, including
can, header, and indifferent electrodes, and subcutanecous array or lead electrodes (ie.,
non-mtrathoracic electrodes).

A varicty of devices other than cardiac monitoring/stimulation devices may be
mnplemented to provide for trend parameter generation based on a patient's
respiration, such as patient-external and implantable drug delivery devices equipped
with a respiration sensor arrangement, for example. Such devices are referred to
herein generally as a patient-implantable roedical device (PIMD) for convenience,
However, it may be generally understood that such a medical device and its
functionality may be implemented in a patient-external device or system.

{n some cases, a PIMD that roay be used in accordance with the various
embodiments described hercin may incorporate respiration monitoring features
involving dual-chamber or bi-ventricular pacing/therapy, cardiac resynchronization
therapy, cardiac function optirmization, and/or other HF related methodologies.  For
exarople, a PIMD roay incorporate features of one or more of the following
references: commonly owned U8, Pat. Nos. 6,411,848; 6,285,907; 4,928 688;
6,459,929; §,334,222; 6,0026,320; 6,371,922; 6,597,951; 6,424 86S; 6,542,775; and
7,260,432, each of which is hereby incorporated herein by reference in their entirety
for all purposes.  Tn other cases, an exeraplary PIMD may be capable of
mnplementing various functions traditionally performed by an implantable
cardioverter/defibrillator (ICD), and may operate in numerous
cardioversion/defibrillation modes as are known 1o the art. Examples of ICD
circuitry, structures and functionality, aspects of which may be incorporated into a
PIMD of the present disclosure, are disclosed in commonly owned 1.S. Pat. Nos.
5,133,353, 5,179,945; 5,314.459; 5,318,597; 5,620,466; and 5,662,688, each of which
is hereby incorporated herein by reterence in their entirety for all purposes.  In still
other cases, 8 PIMD, as described herein, may be capable of providing various pacing
therapies as are known in the art, n addition to cardioversion/defibrillation therapies.
Exaroples of pacemaker circuitry, structures and functionality, aspects of which may
be incorporated in a PIMD of the preseant disclosure, are disclosed in commonly
owned U.S. Pat. Nos. 4,562,841; 5,284,136; 5,376,106; 5,036,849 5,540,727,
5,836,987, 6,044,298; and 6,055,454, cach of which is hereby imcorporated herein by
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reference in their entirety for all purposes. Additionally, it is generally understood
that PIMD configurations may provide for non-physiologic pacing support in addition
to, or to the exclusion of, bradycardia and/or anti-tachycardia pacing therapies. In
still vet another cxample, a PIMD, as described herein, may implement diagnostic
and/or monitoring functions as well as provide cardiac stimulation and/or newral
stimulation therapy. Exaniples of cardiac monitoring circuitry, structures and
functionality, aspects of which may be incorporated in a PIMD of the present
disclosure, are disclosed in commonly owned U.S. Pat. Nos. 5,313,953 5,388,57¢%;
and 5,411,031, cach which are hereby incorporated herein by reference in their
entirety for all purposes.

For purposes of illustration, and not of limitation, various embodiments of
devices implemented in accordance with the present disclosure are described herein in
the context of PIMDs that may be tuplanted under the skin in the chest region of a
patient. A PIMD may, for example, be implanted subcutancously such that all or
sclected clements of the device are positioned on the patient’s front, back, side, or
other body locations suitable for sensing cardiac and/or respivatory activity and/or
delivering cardiac stimulation therapy. It is understood that elements of the PIMD
may be located at several differemt body locations, such as in the chest, abdominal, or
subclavian region with electrode elements respectively positioned at different regions
near, around, in, or on the heart.  For exarople, the privnary housing {e.g., the active
or non-active can) of the PIMD may be configured for positioning outside of the rib
cage at an intercostal or subcostal location, within the abdomen, or in the upper chest
region {¢.g., subclavian location, such as above the third rib). In one moplementation,
one or more leads fncorporating electrodes may be located in direct contact with the
heart, great vessel or coronary vasculature, such as via one or more [eads implanted
by use of conventional transvenous delivery approaches. In another implementation,
one or more clectrodes may be located on the prirnary housing and/or at other
locations about, but not in direct contact with the heart, great vessel or coronary
vasculature. In a further implementation, for example, one or more electrode
subsystems or electrode arrays may be used to sense cardiac activity and deliver
cardiac stimulation energy in a PIMD configuration employing an active can or a
configuration employing a non-active can. Electrodes may be situated at anterior
and/or posterior locations relative to the heart. Examples of useful electrode locations

and features that may be incorporated in various embodiments of the present

~}
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disclosuare are described in commonly owned, co-pending US Publication No.
2004/0230230 and U.5. Pat. No. 7,499,750, each of which is hereby incorporated
herein by reference in their entivety for all purposes.

Additionally, in some cases, a PIMD, as described herein, may be
implemented to communicate with a patient management server or network via an
appropriate comummunications interface or an external programmer. In other cases, a
PIMD, as described herein, may be used within the structure of an Advanced Patient
Management (APM) system. An APM system may aliow pliysicians to remotely and
autornatically monttor cardiac and respiratory functions, as well as other patient
conditions. Various PIMD embodiments described herein mayv be used in conuection
with an APM system. Methods, structures, and/or technigues described herein, which
may be adapted to provide for remote patient/device monitoring, diagnosis, therapy,
or other APM related methodologies, may incorporate features of one or more of the
following references: U.S, Pat. Nos, 6,221,011; 6,270,457, 6,277,072; 6,280,380;
6,312,378; 6,336,903; 6,358,203; 6,368,284; 6,398,728; and 6,440,066, cach of which
are hereby incorporated hevein by reference in their entirety for all purposes .

Referring now to Figure 1, an tllustrative systern 100 for monitoring the
progression of heart failure (HF) in a patient may include a paticnt implantable
medical device (PIMD) 102, The PIMD 102 may be configured to sense a patient’s
respiration and determine one or more respiratory related measurements from which a
trend may be developed. Exemplary respiratory related measurements may include,
but are not limited {o, respiration rate, tidal volume, and a rapid shallow breath index
(RSB, A RSBI may be defined as, for example, 4 ratio of the respiration rate and
the relative tidal volurne (RR/TV). In some tmplersentations, as shown in Figure 1,
the PIMD 102 may be a cardiac rhythm manpagement device {(CRM) including an
implantable pulse generator 105 electrically and physically coupled to an intracardiac
lead system 110, o another example, the lead system 0 is ioplanted
subcutancously.

Portions of the lead system 110 may be inserted into the patient's heart 190, In
sorpe cases, the intracardiac lead systern 110 may include one or more electrodes
and/or sensors contigured to sense electrical cardiac activity of the heart, deliver
clectrical stinmlation to the heart, sense the patient's transthoracic inmpedance, sense
transthoracic total impedance, sense intracardiac impedance, sense biood (internal

filling) pressuare, flow, and/or teroperature, sense acceleration and/or body acoustics,

e2al
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and/or sense other physiclogical parameters of interest. In addition, portions of the
housing 101 of the pulse generator 135 may optionally serve as a can electrode.

Conumunications circuitry may be disposed within the housing {01 for
facilitating communication between the pulse gencrator 105 and an external
compmunication device (not shown) such as, for example, a portable or bed-side
comnmnication station, patient-carried/worn cornnunication station (e.g.,
comnmnicator), external programmer and/or Advanced Paticnt Management (APM)
system interface. The communications circuitry may also facilitate unidirectional or
bidirectional communication with one or more implanted, external, cutancous, or
subcutancous physiologic or non-physiologic sensors, paticnt-input devices and/or
imtormation systems.

The pulse generator 105 may optionally incorporate a patient activity sensor
120 such as, for example, an accelerometer that may be used to sense patient activity,
posture, respiration and/or cardiac related conditions. The patient activity sensor 120
may be positioned in or on the housing 101 of the pulse generator 105, In some
cases, the patient activity sensor 120 may be configured to sense snoring, activity
tevel, and/or chest wall movements associated with respiratory eftort. In soroe cases,
the patient activity sensor 120 {c.g. accelerometer) may detect respivatory, rales,
coughing, cardiac {e.g. S1-54 heart sowmds, murnmirs) and/or other acoustic
imformation. A number of these physiologic variables have a systematic dependency
on the phase of the respiratory cycle. For example, the pulmonic and aortic
components of second heart sound (82) systematically separate out depending upon
the inspiratory/expiratory phase of the respiratory cycle. Such information may be
used to develop respiration waveforras from which various respiratory pararnefers
may be developed.

In some cases, the lead system 110 and pulse generator 105 may incorporate
one or more transthoracic impedance sensors that may be used to acquire the patient’s
respiration waveform, or other respiration-related information. The transthoracic
impedance sensor may include, for example, one or more itracardiac electrodes 141,
142, 151-155, 163 positioned in one or more chambers of the heart 190 which may be
coupled to impedance drive/sense circuiiry 130 postiioned within the housing of the
pulse generator 105, For exanple, in one implementation, impedance drive/sense
circuitry 130 generates a current that flows through the tissue between an impedance

drive electrode 151 and a can clectrode on the housing 101 of the pulse generator 135,



WO 2015/020980 PCT/US2014/049644

The voltage at an impedance sense electrode 152 relative to the can electrode changes
as the patient's transthoracic impedance changes. The voltage signal developed
between the ympedance sense electrode 152 and the can electrode is detected by the
impedance sense circuitry 130, Other locations and/or combinations of impedance
sense and drive electrodes also may be possible.

Additionally, in some cases, the lead system HO may include one or more
cardiac pace/sense electrodes [51-155 positioned in, on, or about one or more heart
chambers for sensing electrical signals from the patient's heart 190 and/or delivering
pacing pulses to the heart 199, The intracardiac sense/pace electrodes 151-155, such
as those illustrated in Figure 1, may be used to sense and/or pace one or more
charnbers of the heart, inchuding the left ventricle, the right ventricle, the left atrium
and/or the right atrium. In some cases, the lead system 110 may jnchude one or more
defibrillation electrodes 141, 142 for delivering defibrillation/cardioversion shocks to
the heart.

The pulse generator 105 may include circuitry for detecting cardiac
arrhythmias and/or for controlling pacing or detibrillation therapy in the form of
clectrical stinulation pulses or shocks delivered to the heart through the lead system
110, The pulse generator 105 may also incorporate circuitry, structures and
functionality of the implantable medical devices disclosed in commonly owned U.S.
Pat. Nos. 5,203,348; 5230,337; 5,360,442; §5,366,496; 5,397,342; 5,391,200;
5,545,202 5,603,732; and 5,916,243; 6,360,127, 6,597,951, and US Patent
Publication No. 2002/3143264, cach of which are hereby incorporated herein by
reference m their entirety for all purposes.

Figure 2 15 a block diagram of an llustrative systemn 201 for managing a
patient’s health based on a trend developed using respiration data in accordance with
various embodiments of the disclosure as described herein. The iHlustrative system
201 may mchide a patient-implantable medical device 207 that is implanted n a
patient 203, It will be generally understood that PIMD 207 may alternatively be a
patient-external medical device. PIMD 207 may mcorporate or, alternatively or in
addition, or may be coupled to one or more implantable and/or external sensors 209,
One or more of the sensors 209 may be configured to sense a respiratory pararcter of
the patient's breathing. Such sensors 209 may include one or more of a minute
ventilation sensor, transthoracic impedance sensor, accelerometer, pressure, air flow,

or other sensor capable of producing a respiratory waveform representative of the

16
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patient's breathing. A variety of external sensors 235 may also be used to sense
various physiological parameters of the patient. Such external sensors 205 may
mclude one or more of a pulse oximetry sensor, blood pressure sensor, patient
temperature sensor, EKG sensor arrangement, weight scale, biomarkers, among
others.

{n some implementations, the system 201 roay include an external sysiem
mterface 215. Such an external systern interface 215 may include communication
circuitry configared to effect communications with PIMD 207, In some cases,
external system interface 215 may be configured to effect communications with one
or roore external sensors 205, In some cases, the external system interface 215 roay
be communicatively coupled to, or integral with, one or more of a programumer 216,
an advanced patient management system 218, a portable or hand-held communicator
214, or other patient-external systern, The external system interface 215 may be
coupled to a user interface 212, such as a graphical user interface or other interface
that provides a display. User interface 212 may mclnde a user actuatable input/output
device, such as a keyboard, touch screen sensor, mouse, light pen, and the hike. The
user interface 212 may be used to input therapy information.

In sorae cases, as shown in Figure 2, a trending processor 220 may be coupled
to the external system interface 215, In other cases, the trending processor 22{ may
be incorporated as a component of the PIMD 207, as is shown in phantom. The
trending processor 220 may perform the various trending processes described herein.
In some cases, the trending processor 220 may provide one or more trend parameters
developed from a phurality of respiration related measorements to the external system
mtertace 215 for display to the physician, clinician, and/or patient via the user
interface 212, These are just some examples.

Figure 3 is a schematic block diagram of an exemplary medical device 310
that may be used in accordance with various embodiments described herein. Medical
device 310 may be an implantable medical device as described herein with reference
to Figure 1 or a patient-external medical device. In some implementations, medical
device 310 may be incorporated into a medical system such as, for example, system
201 described herein with reference to Figure 2. Medical device 310 may be
configured to interface with an external advanced patient monitoring system, but this

is not required.
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As shown in Figure 3, medical device 310 includes a processor 314 (e.g.
microprocessor or microcontroller) coupled to one or more seusors 316, respiration
measurement circuitry 312, and an output device 320, Tu some cases, medical device
310 may also inchude g local memory 322. Medical device 310 may also optionally
mchude or be in communication with a patient activity sensor such as, for example, an
accelerometer that may be used to determine a patient’s activity level, and/or a
posture sensor {not shown).

The one or more sensors 316 may be configured to detect a patient’s
respiration. In some cases, the one or moore sensors 316 may be contigured to detect a
patient’s respiration and to generate one or more signals indicative of the patient’s
respiration for cach valid patient breath over muktiple twenty-four hour periods. In
some cases, the one or more sensors 316 may be configured to detect a patient’s
respiration and to generate one or more signals 1ndicative of the patient’s respiration
for cach valid paticnt breath over predetermined portions of multiple twenty-four hour
periods. Exemplary sensors that may be incorporated into the medical device 310 may
include a transthoracic impedance sensor, 8 minute ventilation sensor, a pressure
sensor, an accelerometer, a flow sensor, and/or any other suitable sensor or sensor
combination, as desired.

The respiration circuitry 318 may be configured to receive the signals
generated by the one or more respivation sensors 316, and to determine respiration
related measurements using the sigoals indicative of patient respiration for each of the
multiple twenty-four hour periods. In some case, the respiration circuitry 318 may be
configured to determine a plarality of respiration related measuvements for each of the
multiple twenty-four hour pertods including respiration rate measurements, tidal
volume measurements, and/or rapid shallow breathing index (RSBI) values, but these
arg just some examples. In some cases, the RSB may be defined as a ratio between
the respiration rate and the relative tidal vohuroe {e.g. RR/TV) over a corvesponding
time period or over one or move breaths. In some cases, the respiration circuitry 318
may include signal conditioning circuitry which may include a filter, a signal
amplifier, and/or an analog to digital converter.

The processor 314, which is shown coupled to the one or more sensors 316
and the respiration measurement circuitry 318, may be configured to execute one or
more software applications stored in the memory 322 for monitoring and/or trending

one or more respiration related parameters based, at least in part, on the patient’s
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respiration detected by the one or more sensors 316, More particularly, in some
cases, the processor 3 14 may be configured to determine 8 representative respiration
rate value, a ropreseutative tidal volume value, and/or a representative RSBI index
value based, at least in part, on the plurality of respiration related measurements
determined by the respiration circuitry 318, The representative respiration rate value
may mnclude one or moore of a roinimum respiration rate, an average respiration rate, a
cdian respiration rate, 8 maximum respiration rate, a standard deviation of
respiration rate, and an inter-guartile range of respiration rate. In some cases, the
representative respiration rate valoe represents a minimum respiration rate (RRinin) or
a lower percentile of respiratory rate. Similarly, the representative tidal volume value
may be include one or more of 8 minimum tidal volume value, an average tidal
volume vaiue, a median tidal volume value, 8 maximum fidal volume value, 2
standard deviation of tidal volume value, and an jnter-quartile range of tidal volume
value. In some cases, the representative tidal volume value represents a maxinmrm
tidal volume value (TVmax) or 3 higher percentile of tidal volume, and more
particularly, a maximuor of averaged tidal volume values (max avg TV)overa
predetermined period of time. A representative RSBI value may be calculated using
any combination of a minimum respiration rate, median respiration rate, average
respiration rate, certain percentiles of respiration rate or a maximum respiration rate
and a munirmem tidal volume vahie, an average tidal volume value, a median tidal
volume value, certain percentile of tidal volume, a maximum tidal vohume value, and
/or any other suitable value as desired. In some implemontations, a representative
RSBI value may be determined using a mintmum respiration rate and a maximunm
tidal voluroe (RRouin/TVmax}. In another implementation, a representative RSB
value may be determined by taking an average of the RSB index {¢.g., RR/TV avg)
over a predetermined period of time. Additionally, it has been {found that a minimuam
or a lower percentile of RSBI vahie over a particalar tirne period may be more
sensitive to changes, particularly a change (e.g. declining) in heart failure status,

In some instances, the processor 314 may be configured to generate a
distribution of the multiple respiration rate measurersents and/or tidal volume
measurements determined by the respiration measurernent circuitry 318, From the
distribution, the processor 314 may determine a reproscntative respiration rate value
and/or tidal volame value. For example, in one implementation, a representative tidal

vohume value may be determined based on a distribution of the plurality of tidal

13



WO 2015/020980 PCT/US2014/049644

volome measurements, The representative tidal volume value may be determined
based on an upper percentile of the plurality of tidal vohsme measurernents.
Similarly, a representative respiration rate value roay be determined based on an
upper percentile of the plurality of respiration rate mocasurcments.

An upper percentile for the measurement distribution may be defined as any
percentile ranging from a fifty-tirst percentile o a one hundred percentile. More
particularly, an upper percentile may be defined as any percentile ranging from: a
sixtieth percentile to a one hundred percentile; a seventicth percentile to a one
hundred percentile; an eightieth percentile to a ove bundred percentile; an eighty-fifth
percentile 1o a one hundred percentile; and a ninetieth percentile 1o a one hundred
percentile. In some cases, the upper percentile for either the representative respiration
rate value or representative tidal vohime value may range from the ninetieth percentile
10 4 one hundred percentile.

A lower percentile for the measurement distribution may be defined as any
percentife ranging from 3 zero percentile to a fifticth percentile. More particularly, a
tower percentile may be defined as any percentile ranging from: a zero percentile to a
forty-fifth percentile; a zero percentile to a fortieth percentile; a zevo percentile to
thirtieth percentile; a zero percentile to twentieth percentile; and a zero percentile to a
fifteenth percentile. In some cases, a lower percentile may be defined as any
percentile below about a twenty-fifth percentile of the measurement distribution.

{n some instances, a representative RSBI vahie may be calculated using any
combination of an upper or lower percentile of the plurality of the respiration rate
measurements and an upper or lower percentile of the plurality of the tidal volume
measurements, or an upper or lower percentite of the plurality of ratios, RR/TV
determined by the respiration measurement circuitry.  In one example,
representative RSBI value may include a lower percentile of a plurality of respiration
rate measurernents and an upper percentile of a plurality of tidal volume
measurements. In another example, a representative RSBI value may include both an
upper percentile of a plurality of respiration rate measurements and an upper
percentile of a plurality of tidal volume measurements. Tu another example, RSBI
may be an upper or lower percentile of the plurality of individual RR/TV values.

In sorme instances, that one-to-one pairing of tidal volume measurements and
respiration measurements (pairs of nearly simultaneously measured TV/RR

measarements) may be preserved in deriving the representative RSBI measurement.
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The representative RSBI value could be determined using some upper percentile of a
plurality of tidal volume measurements and the set of respiration rate values that
correspond to the TV samples that satisty the chosen upper percentie. In another
instance a statistic on the respiration rate conld be used to sub-select paired samples of
TV and RR to derive the representative RSBI value.

{n some instances, that one-to-one pairing of tidal volume measurements and
respiration measurements {pairs of nearly simultancously measured TV/RR
measurements) may be used to generate instantancous RSBI measurements for the
corresponding periods of TV and RR measurements. The representative RSBI vahie
could be determained using a lower percentile or a minimum of the plurality of RSBI
measurements of a predetermined period of time.

The processor 314 may be configured to determine a representative respiration
rate value, 4 tidal volume value, and/or an RSBI value, as discussed herein, for cach
twenty-four hour period of a plurality of twenty-four hour periods. The multiple
twenty-four hour periods may be successive twenty-four hour periods, and may, in
sorpe cases, precede a current day or a heart faiture event, but this is not required. In
soroe instances, a predetermined portion of the twenty-four hour periods may be used.
Additionally, the processor 314 may be configured to trend the representative
respiration rate value, tidal volume value, and/or RSBI value over multiple twenty-
four hour periods (e.g. over mulitiple days). In some cases, the processor 314 may be
configured to determine a representative respiration rate vahue, a tidal volume value
and/or a RSB value for a selected portion {c.g. atternoon} of a twenty-four hour
period, and to trend the representative respiration value, tidal volume vahie and/or
RSBI value determined for the selected portion of a twenty-four hour period over
multiple twenty-four hour periods.

in some implementations, a twenty-four period may include a morning
portion, au afternoon portion, an evening portion, and a night portion. In some cases,
the morning portion may range from about 06:00 to about 12:00 bours or another
other periods within this range or a period after the patient wakes up; the afternoon
portion may range from about 12:00 hours to about 18:00 hours or another periods
within this range; the evening portion may range from about 13:00 hours to about
00:00 hours or any other periods within this range; and the night portion may range
from about (0:00 hours to about (6:00 hours or any other periods within this range or

a period when the patient is asleep. Tn some cases the time window for the different
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portions might be specified by a user. in some cases, the selected portion of cach
twventy-tour hour period may correspond to ap afternoon portion

In soroe cases, the selected portion of cach tweunty-four hour period roay
correspond to 8 morning portion. In other cases, the selected portion of each twenty-
four hour period may correspond to a morning portion and an afternoon portion. In
still other instances, the selected portion of each twenty-four hour period may include
a morning portion, an afternoon portion, and an evening portion. In many cases, the
selected portion of each twenty-four hour period may exclude the night portion of
each twenty-four hour period, but this is not required. In some cases, the selected
portion may sfart from the time point that the patient wakes up in the morning. This
wake-time may either be user input via a programming device or automatically
determined using device based sensors. T some cases, the selected portion may end
at the tirae point that the patient goes to sleep in the evening. This slcep-tirae may
either be user input via a programming device or sutomatically determined using
device based sensors. The wake-time and sleep-time may also vary from one 24-hour
period to another 24-hour period.

The exclusion of the night portion frors a monttored twenty-four hour period
may be counterintuitive to what one of skill in the art may expect to be a preferred
portion of the day to monitor trends in tidal volome and/or an RSBI index. For
example, one of skill 1o the art may expect the preferred portion of the day to be the
night portion, when the patient is at rest, is less active and bas less postural variation
(i.¢. asleep) thus, the signal is cleancr. Morcover, orthopnea {short of breath when
tying down), a cardinal sign of heart failure occurs when the patient is 1o a supine
position. It is more likely to be observed during night when the patient is sleeping. In
addition, it has been observed that at least some signs or symptoms of heart failure
such as, for example, apnea and paroxysmal nocturnal dyspnea, among others, may
occur in the evening portion. However, data collected through clinical study indicates
that portions of the day, excluding the evening and/or night portion, may be better for
evaluating tidal volume and RSBI for the purposes of determining a declining status
of a patient. Tn particular, the collected data indicates that an afiernoon portion of 8
twenty-four hour period may be the optimal portion of the day for evaluating tidal
volume and RSB for determining a declining status of a patient. This may be due to
a combination of the patient’s physiclogy and the patient’s activity levels. Typically,

a patient is most active during an afternoon portion of the day. As such, the greatest
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tidal volumes may be experienced by the patient during that portion of the day. As a
patient is in declineg, the patient may become less active over time, inchuding during
the afternoon portion of the day when the patient is typically expected to be most
active, and the patient’s tidal volumes during that portion of the day may begin to
decline faster during this period from thetr historical baseline.  Since tidal volume
and RSBI are related, an increasing trend may also be moore readily observed ina
patient’s RSBI values during the portions of the day excluding the night portion, and
in some cases, during an afternoon portion of the day.

In sorse implementations, a representative respivation rate value,
representative tidal volume value, and/or a representative RSBI value may be a value
determined by the processor 314 based, at least in part, on a plurality of respiration
related measurements collected over multiple twenty-four hour periods. Tn particular,
the value determined by the processor 314 may be based, at least in part, on a plurality
of respiration related measurements for a selected portion of each twenty-four hour
period of which the measurement data are collected, as discussed herein,  In some
cases, the plarality of tidal volume measurements may be collected over an afternoon
portion of a twenty-four hour period. The plurality of tidal volume values determined
over cach of the multiple twenty-four hour periods may be used to determine a long
term aggregate for a tidal volume over the multiple twenty-four hour periods and a
short tevm aggregate tidal volume that may then be compared to the long term
aggrogate. In some cases, the long torm and shott term tidal volume aggregates may
be any statistical measure of data such as, for example, a median, 2 mean, a minimum,
a raximum, an upper percentile, a lower percentile tidal volume value, and/or any
other suttable aggregate that may be determined from a plurality of representative
tidal volume values collected over different time windows having different durations.
This may be useful where, for example, there is 3 large volume of respiration related
parameter data collected for the imdividual patient over several months., T some
cases, the fidal volume aggregate may he hased on a maximurg tidal volume value or
an averaged tidal volume value.

In sorve implementations, a plurality of tidal volume measuremments ay be
used to determine a Jong term aggregate tidal voluroe over a first tirne window having
a first duration, and a short term aggregate tidal volume over a second time window
having a second duration. In many cases, the first time window may be a historical
time window that precedes the second time window,

5

and may span a period of time
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ranging from at least five days up to about six months or more. This is just one
example. It will generally be understood that a variety of respiration related
parameter data roay be collected for longer periods of time as necessary or desired or
as the data storage capabilities of the medical device {¢.g. medical device 310) permit.
With the expanding use of cloud storage technology, the amount of data that may be
collected and stored may be essentially unliratted.

In one example, a fong torm ageregate may be determined from a plurality of
tidal volume values collected over a period of time of at iecast five days and up o
about six months, and a short term aggregate may be determined over a period of time
of less than about two weeks, and perhaps 4 period of time of less than about one
week. Additionally, the short torm aggregate may be determined over a period of
time that divectly precedes the current day, and as such may be considered a near term
window. Additionally, the first time window over which a long term aggregate s
determined may precede the second time window over which a short term aggregate
is determined by at least one day. More particudarly, the first ime window may
precede the second time window by a period of tirne of about one month. Tn one
mstance, the first time window roay be separated from and precede the second time
window by a time period of at least two weeks (.. 14 days). In another instance, the
first and the second time window may overlap.

Similarly, in some implementations, the representative R3BI value determined
by the processor 314 may be an RSBI value based ou a plurality of respiration rate
measurements and tidal volume measurements collected for each of multiple twenty-
four hour periods. In some cases, the phlurality of respiration rate and tidal volome
measurements may be collected for a selected portion of each of the roultiple twenty-
four hour periods, such as for example, an afternoon portion as discussed herein. The
phurality of respiration rate and tidal volume measurements may be used to determine
the representative RSBI value for a selected portion of each of the multiple twenty-
four hour periods. The representative RSBI value for the selected portion of each of
the muitiple twenty-four hour periods may be used to determine a long term aggregate
for the RSBI over multiple twenty-four hour periods, and a short term aggregate for
the RSBI. The short term aggregate of the RSB roay be corapared to the long term
aggregate. The long term and short term RSBI aggregate may be any statistical
measure of data such as, for example, a median, @ mean, a minimum, a Maximum, an

apper percentile, a lower percentile, and/or another other aggregate of the RSB that
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may be determined from a phurality of representative RSBI values collected over
different time windows having different durations. This may be usefid where, for
exarnple, there 1s 4 large voluroe of respiration related parameter data collected for the
individual patient over several months, In some cases, the RSBI aggregate may be
based on a minimum of a pherality of ratios of averaged respiration rate and maximum
tidal volume. In some cases, the aggregate RSBI value may be based on an average
minimum respiration rate and maximum tidal volume, but this is just one example. In
some cases, the RSBI aggregate may be based on the average of a phurality of
representative RSBI vahies.

In soroe implernentations, a plurality of representative RSBI values may be
used to determine a long term RSB aggregate over a first time window having a first
duoration, and a short term RSBI aggregate over a second time window having a
second duration. In many cases, the first time window is a historical time window
that precedes the second time window, and may span a period of time ranging from at
feast five days up to about six months. This is just one example. It will generally be
understood that a variety of respiration related parameter data may be collected for
tonger periods of time as vocessary or desired or as the data storage capabilitics of the
medical device {e.g. medical device 3 10) permit. With the expanding use of cloud
storage technology, the amount of data that may be collected and stored may be
essentially unlimited.

{n one RSBI cxample, a long term RSBI aggregate may be determined from a
phurality of RSBI values collected over a period of tirne of at least five days and up to
about six months, and a short term aggregate may be determined over a period of time
of less than about two weeks, and perhaps 4 period of time of less than about one
week. Additionally, the short torm aggregate may be determined over a period of
time that directly precedes the current day, and as such may be considered a near term
window, Additionally, the first time window over which a long term aggregate is
deterroined may precede the second time window over which a short term aggregate
is determined by at least one day. More particudarly, the first ime window may
precede the second time window by a period of tirne of about one month (vanging
from two weeks to two months). For exaraple, in one instance, the first time window
may be separated from and precede the second time window by a time period of at

teast three weeks.
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Figure 4 shows a graphical representation of a tidal volume value trended over
multiple twenty-four hour perieds preceding a current day.  The tidal volume value
that is plotted for cach day may be, for example, any one of a maximum tidal volume
value detected for that day, an average tidal volume value for that day, 3 tidal volume
value representing an upper percentile of the plarality of tidal volume measurements
or a lower percentile of the plurality of tidal volume measurements for the day, or any
other tidal volume value for that day. As shown in Figure 4, there is a decreasing
trend in the tidal volume value. A declining trend in tidal volume may indicate a
shallower breathing pattern, thus the patient’s current heart faihure status may be in
decline or worsening.

Similarly, Figure 5 shows a graphical representation of an RSB value trended
over multiple twenty-four hour periods preceding a current day.  The RSBI value
may be an RSBI value of a plurality of RSBI measurements tor a given day, an RSBI
measurement representing an upper percentile of a plurality of RSBI measurements or
a lower percentile of a plurality of RSBI values for a given day, or an aggregate RSBI
vahie for a given day. These are just some exaroples.  Like the representative tidal
volume value, a representative RSBI value may be trended for a selected portion of
cach multiple twenty-four hour periods such as, for cxample, an afternoon portion, as
discussed herein. Figure 5 shows an increasing trend in the representative RSBI
value. As stated herein, an increasing trend in RSBI may indicate a worsening of the
rapid shallow breathing paticrn, thus the patient’s current heart faiture status may be
in decline or worsening,

In some cases, the processor 3 14 may be configured to perform a trend
analysis on the data, such as the data presented in the graphs showu in Figures 4 and
5. For example, referring to the data shown in Figure 4, the processor 314 may be
configured to determine a first tidal volume aggregate over a first time window
having a first duration and a second tidal volume aggregate over a second time
window having a second duration, and to determine a relationship between the first
tidal volame aggregate and the second tidal volume aggregate. The tidal volume
aggregate determined for each of the first and second time windows may be an
aggregate tidal volume value as discussed herein. o some cases, the first time
window may be a historical time window having a duration of at least five days and
up to about six months and, in some instances, may be considered a long term

window. The second time window may have a duration of less than about two wecks
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and more particularly a period of time of less than about one week. Additionally, the
second window may correspond to a period of fime that directly precedes the current
day and/or inchudes the current day, and as such may be considered a near term
window. Typically, the first and second time windows do not overlap, but this is not
required. For example, the first time window may precede the second time window
by at least one day. More particularly, the first time window may precede the second
time window by a period of time of about one month. For cxarple, in one instance,
the first time window may be separated from and precede the second time window by
a time period of at least two weeks (1.e. 14 days). However, these are just some
exaraples.

in some implernentations, the processor 314 may be configured to determine
the relationship between the first tidal volome aggregate determined for the first time
window and the second fidal volume aggregate determined for the second time
window, and based at least in part on the determined relationship, identify a current
trend in a patient’s heart failure status. For example, the processor 314 may be
programmed to determine a relationship between the first tidal volume aggregate and
the second fidal volume aggregate by subtracting the first tidal volume aggregate from
the second tidal volume aggregate. In another example, the processor 314 may be
programmed to characterize the relationship between the first tidal volume aggregate
and the second tidal volume aggregate by determining a fractional difference between
the first tidal volume aggregate and the second tidal volurne aggregate. In yet another
example, the processor 314 may be configured to characterize the relationship
between the first tidal vohune aggregate and the second tidal volume aggregate by
determining a slope of a line on a graph extending from the first tidal volume
aggregate to the second tidal volume aggregate, with the x-axis corresponding to time.
With respect to Figure 5, it will be generally understood that the processor 314 may
be programmed to perform similar trend analyses of a plurality of RSBI vahies
deterroined for a patient over a period of time, and 1o use one or more trend analyses
to identify the patient’s current heart failare status.

In soroe implementations, the processor 314 may be configured to generate an
output signal via the output device 320 indicative of the patient’s current HF status
based on an analysis of the trend.  For example, the processor 314 may be configured
to trigger an alert based on an increasing trend in the representative respiratory rate

value, a decreasing trend in the representative tidal vohime value, and/or an increasing
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trend in the representative RSBI value determined over multiple twenty-four hour
periods. For example, an alert may be triggered when changes in the representative
tidal volume value and/or representative RSBI value exceed a pre-determined
threshold value. In some cases, the processor 314 may be configured to trigger an
alert based on a determined relationship between a first respiration related parameter
aggrogate determined over a first time window and a second respiration related
aggregate determined over a second time window, as discussed herein with reference
to Figure 4. The pre-determined threshold value may be determined based, at least in
part, on respiration related parameter data collected for the individual patient, and
may be unigue to cach individual patient. n some cases, the alert roay provide an
indication to the patient and/or clinician of an impending heart failure event enabling
the patient and/or clinician to seek treatruent possibly preventing or lessening the
severity of a more serious heart failure decompensation event. The alert may be
displayed to the patient or clinician via g user interface of an external patient
monitoring device and/or may be transmitted by the output device 320 using a
telemetry link or other wireless communication link to another device utilized by the
patient clinician. o some implementations, the alert may include 4 message that moay
be displayed visually to the patient or clinician via a user interface of an external
patient monitoring system or other device. in other cases, the alert may be a visual
alert such as, for example, 8 flashking or blinking light, symbol or message. To still
other cases, the alert may be an audible alert such as, for example, an audible
announcement, warning bell or alarm, or audible beeps. It will be generally
wnderstood that the alert may be a combination of any of the alerts as discussed
herein.

Figure 6 15 a flow chart of an illustrative method 600 for monitoring a
progression of heart failure (1HF) in a patient using a tidal vohime parameter.
According to the method 600, patient respiration may be monitored and detected
using a medical device (Block 604), such as an troplantable or paticnt-external
medical device 310 described herein.  The medical device 310 may inchide a sensor
configured to detect the patient’s respiration and to generate a signal indicative of the
patient’s respiration. Excriplary sensors may include a transthoracic apedance
sensor, a minyte venitiation sensor, a prossure sensor, an accelerometer, a flow sensor,
and/or any other suitable sensor or sensor combination, as desired. In some cases,

patient respiration may be monitored and detected over multiple days. One day may
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be defined as a single twenty-four hour period. One day may be defined as a selected
portion of a single twenty-four hour period. Tri many cases, patient respiration may be
monitored and detected over multiple, successive twenty-four hour periods, but this is
not required.

Respiration circuitry may be used to determine a plurality of tidal volume
measurements for cach twenty-four hour period using the sigoals indicative of patient
respiration (Block 6083, The tidal volume measurements may be determined for each
valid patient breath. A representative tidal volame value may be determined based, at
teast in part, on the phlurality of tidal volume measurements for each twenty-four hour

eriod. In some cases, the representative tidal volume value can be any ouc of a
mininmum tidal volume value (TVmin), 2 median tidal volume value (TVmed), an
average tidal volume value, or 8 maximum fidal volume valae (TVmax), an upper
percentile or a lower percentile tidal volume value, for each twenty-four hour period.
A processor coupled to the sensor and the respiration measurement circuitry may
determine a representative tidal vohume value for a selected portion each twenty-four
hour period based, at least in part, on the plurahty of tidal volame measurements
{Block 612). In soroge cases, a twenty-four period may wnclude a2 morning portion, an
atternoon portion, an cvening portion, and a night portion. The morping portion may
range from about 06.00 to about 12:00 hours, or any time period within that window,
or a period after the patient wakes up; the afternoon portion may range from about
12:00 hours to about 18:00 hours or any time period within that window; the evening
portion may range from about 18:00 hours to about 00:00 hours or any time period
within that window; and the night portion may range from about 00:00 hours to about
(6:00 hours or any tirae period within that window or a period when the pationt
asleep. In some cases, the selected portion of each twenty-four hour period may
correspond to an afternoon portion. In some cases, the selected portion of each
twenty-four hour period may cosrespond to a morning portion. In other cases, the
selected portion of each twenty-four hour pertod may correspond to a morning portion
and an afternoon portion. In still other cases, the selected portion of each twenty-four
hour period may mchide a morning portion, an afternoon portion, and an evening
portion. In many cases, the selected portion of each twenty-four hour peried for
which a representative tidal volume value such as, for example, TVmax, is

determined excludes the night portion of a twenty-four hour period.
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The processor may frend the representative tidal volume values over multiple
twventy-tour hour periods and, in some cases, may determine a patient’s heart failure
status based on the trend (Block 616). Tn some cases, the processor roay generate an
output signal indicative of a paticnt’s current heart failure signal based on a change
{c.g. decrease) in the representative tidal volume value over multiple twenty-four hour
periods (Block 620). Tn some cases, the output signal roay trigger an alert, which may
mndicate that the patient’s heart failure status is in decline.

Figure 7 is a flow chart of a method 700 of monitoring a progression of heart
failure (11F) in a patient based, at least in part, on a rapid shallow breathing fndex
(RSBI) parameter. According to the method 700, patient respiration oay be
monitored and detected using a medical device (Block 704), such as an implantable or
patient-external medical device 310 described herein.  The medical device 310 may
inchude a sensor configured to detect the patient’s respiration and to generate a signal
mdicative of the patient’s respiration. Exemplary sensors may include a transthoracic
impedance sensor, a mimite ventilation sensor, a pressure sensor, an accelerometer, a
flow sensor, and/or any other soitable sewsor or sensor combination, as desired. In
sorae cases, pationt respiration roay be monitored and detected over multiple days.
One day may be defined as a single twenty-four hour period. [n many cases, patient
respiration may be monitored and detected over multiple, successive twenty-four hour
periods, but this is not required.

Respiration circuitry may be used to determine a plurality of respiration rate
measurements and tidal volume measurements for a selected portion of cach twonty-
four hour period based using the signals indicative of patient respiration (Block 708).
These measurements may be used to deterroine RSBI values for cach valid paticnt
breath. A represcntative RSBI value may be determined based, at least in part, on the
phurality of respiration rate measurements and tidal volume measurements for each
twenty-four hour period. The representative RSBI value may be calculated using any
combination of a mintmurn respiration rate, median respiration rate, average
respiration rate, or a maxim respiration rate and a mintram tidal volume value, an
average tidal volurne value, a median tidal volume value, a maximuam tidal vohime
value, and/or any other suitable respivation pararoeter. [u some implementations, the
representative RSB value may be determined using a miniourm respiration rate and a
maximum tidal volume (RRmin/TVmax). In some implementations, the

representative RSBI value for a twenty-four hour period may be determined by taking
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a minirnum or 8 lower percentile of a plarality of ratios of RR and TV over a pre-
determined portion of the twenty-four hour period.

In soroe implernentations, a representative RSBI value roay be determuned for
a selected portion cach twenty-four hour period based, at least in part, on the plurality
of respiration rate measurements and tidal volume measurements {Block 712). In
some cases, a twenty-four period may include a morning portion, an afternoon
portion, an evening portion, and a night portion. The moming portion may range
from about 06:00 to about 12:00 hours or any time period within that window ora
period after the patient wakes up; the afternoon portion may range from about 12:00
bours to about 13:00 bours or any time period within that window; the evening
portion may range trom about 18:00 hours to about 00:00 hours or any time period
within that window; and the night portion may range from about 80:00 hours to about
06:00 hours ot any time period within that window or a period when the patient is
asleep. In some cases, the selected portion of cach twenty-four hour period may
correspond to an afternoon portion. In some cases, the selected portion of cach
twventy-tour hour period may corvespond to a morning portion. In other cases, the
selected portion of each twenty-four hour period ruay correspond to 2 morning portion
and an afiernoon portion. in still other cases, the selected portion of each twenty-four
hour period may inchude a morning portion, an afternoon portion, and an evening
portion. Tn many cases, the selected portion of each twenty-four hour period for
which a representative RSBI value is determined excludes a night portion of a twenty-
four hour period.

The processor may treud the representative RSBI values over multiple tweunty-
four hour periods and, in some cases, may deterrmine a patient’s heart failure status
based on the trend (Block 716). In some cases, the processor may generate an ouiput
signal indicative of a patient’s current heart faihire signal based on a change (e.g.
increase) o the representative RSBI over multiple twenty-four hour periods (Block
7203, The output signal roay trigger an alert, which may indicate that the patient’s
heart faihure status is in decline.

EXAMPLES
Example |

in a study, 160 heart failure paticnts were followed for 333£78 days. During

the course of the study, a trend of 20-minute averages of tidal vohume (TV) vahies

was collected for cach patient. Out of that trend a total of 144 composiies were

N
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generated by choosing a window within a 24-hour peried and a statistic (minimum,
mean, or maximum) to apply to that window. Windows were chosen of four different
durations: 6, 12, 18, and 24 hours. The start of cach window was selected to range
from [2am to 10pm, with a 2-hour increment. The total number of daily composite
trends derived ts: 3 x4 x 12 = 144,

Al 144 trends were ranked based on their relative performance 1o cach other,
The ranking was determined as detailed below. For each daily composite trend a
predictor trend was calculated: on each day a fractional difference between an average
ot the long-term window (basehine) and short-term window (last 5 days) was
calculated: (LTA-STAYLTA, where LTA is a long-terra aggregate, STA is a short-
term aggregate. A range of long-term windows was used to generate several predictor
trends. The start of the tong-term windows varted from 15 to 65 days prior (at S-day
mncreruents ) and the end of the window varied from 3 to 30 days prior (at 5-day
mcrements ). For each predictor trend (entire sct of long-term windows), two
sensitivities were calculated at | and 1.5 false positive rate. A smaller set of § long-
terro windows with the greatest overall sensitivity values was selected for each trend
{one set per FPR). Next, sets for each pair of daily composite trends were compared
using a t-test. If the test was significant, one trend was considered to outperform the
other. Otherwise, they were considered to be equivalent. The rank of cach daily
composite trend 15 equal 1o the mumber of the other trends i has cutperformed. The
higher the ranking, the better the trend. An average rank between two FPR values
was then determined. Figure § shows the average ranks across all 144 trends. The
tabels on the y-axis of the figure MMUNNh wndicate the selected window, where MM
is the start of the window and NN is the duration of the window, in hours. The labels
on the x-axis of the figure indicate the statistics used for the window. As shown in
Figure 8, the maximmm tidal volume during the afternoon portion of the twenty-four
hour period provides the maximum sensitivity.

Figure 9 shows a receiver operating characteristic (ROC) curve using the data
from the study. The ROC curve was generated for the maximum tidal vohimes at an
mcreasing false positive rate (X axis} and an increasing sensitivity ranging (y axis) for
cach different portion of the day (e.g. afternoon, moming, evening, and night). As
can be seen, a maximum tidal volume in the afternoon portion of the day provides the

best performance.

DD
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Another ROC curve, as shown in Figure 10, was generated to evaluate the
maximum fidal volumes, miimom tidal volumes, mean tidal vohume values and
median tidal volurae values recorded for an afternoon portion of the day at an
increasing false positive rate (x axis) and an increasing sensitivity (y axis). The ROC
curve shown in Figure 10 confirms that a maximum tidal volume may exhibit a
greater sensitivity for the same false positive rate to changes in a patient’s heart
failure status during an afternoon portion of the day than the mean, median or

minimum tidal volume values.

Example 2

in the same study, trends in RSBI values were evaluated for cach of the 160
heart failare patients.  In the study, RSBI was defined as the ratio between a
respiration rate and a tidal volume. During the study, trends of 20-minute averages of
tidal volume (TV) and respiratory rate (RR) values were collected for each patient.
RSBI trend was generated by taking the ratio of RRs and TVs. Out of that trend 3 total
ot 144 cormposites were generated by choosing a window within a 24-hour period and
a statistic (miniroum, ocan, or maximun) to apply 1o that window, Windows were
chosen of four different durations: 6, 12, I8, and 24 hours. The start of cach window
was selected to range from 12am to 10pm, with a 2-hour increment. The total number
of daily composite trends denived is: 3 x4 x 12 = 144,

Al 144 trends were ranked based on their relative performance 1o cach other,
The ranking was determined as detailed below. For each daily composite trend a
predictor trend was calculated: on each day a fractional difference between an average
of the long-term window (bascline) and short-term window (last 5 days) was
calculated: (LTA-STAYLTA, where LTA is a long-term aggregate, STA is a short-
term aggregate. A range of long-term windows was used to generate several predictor
trends. The start of the tong-term windows varted from 15 to 65 days prior (at S-day
mncreruents ) and the end of the window varied from 3 to 30 days prior (at 5-day
increments ). For each predictor trend (entire set of long-term windows), two
sensitivities were calenlated at 1 and 1.5 false positive rate. A smaller set of © long-
terra windows with the greatest overall sensitivity values was selected for cach trend
{one set per FPR). Next, sets for each pair of daily composite trends were compared
using a t-test. 1f the test was significant, one trend was considered to outperform the

other. Otherwise, they were considered to be equivalent. The rank of each daily

~
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composite trend is equal to the nomber of the other trends it has outperformed. The
higher the ranking, the better the trend. An average rank between two FPR values
was then determined. Figure 11 shows the average ranks across all 144 trends. The
labels on the y-axis of the figure MMbBNNh indicate the selected window, where MM
is the start of the window and NN is the duration of the window, in hours. The Iabels
on the x-axis of the figure indicate the statistics used for the window. From the plot,
the minimum RSBI shows a better sensitivity to changes in a patient’s heart fatlure
status during the afternoon portion of the twenty-four hour period.

Turning now to Figure 12, which shows a receiver operating characteristic
{ROC) curve, which was generated for the raindmum RSBU at an increasing false
positive rate (x-axis) and an increasing sensitivity (v axis) for cach different period of
the day (¢.g. afternoon, morning, evening, and night).  As can be seen from the ROC
curve in Figure 12, a mininwim RSB in the afternoon portion of the day may be the
most sensitive to changes in a patient’s heart fatlure status at the same false positive
rate.

Another ROC curve, as shown in Figure 13, was generated to evaloate the
maximum RSBL minimum RSBI mean RSBI and median RSB recorded for an
atternoon portion of the day at an increasing false positive rate (X axis) and an
increasing sensitivity (v axis). The ROC curve shown in Figare 13 confirms that a
minimum RSBI may exhibit a greater sensitivity to changes in a patient’s heart failore
status at the same false positive rate during an afternoon portion of the day than the
mean, median or maximum RSBL

Those skilled in the art will recognize that the present disclosure may be
manitested in a variety of forms other than the specific embodiments described and
contemplated herein. Accordingly, departure in form and detail may be made without
departing from the scope and spirit of the present disclosure as described in the

appended claims.

D
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What is claimed is:

L A systern for monitoring a progression of heart failure in a patient, the system
comprising:

a sensor configured to provide one or more signals indicative of respiration of
a patient;
circaitry coupled to the seusor, the circnitry configured to:
deterroine a phurality of tidal volume measurements during cach of a
plurality of twenty-four hour periods using the one or more
signals indicative of the respiration of the patient;
determine a tidal volume value for a selected portion of each of a
plurality of the twenty-four hour periods based, at least in part,
on one or more of the corresponding plurality of the tidal
volume measurements;
deterroine a first tidal volume aggregate based, at least in part, on the
tidal volume measurements that fall within a first time window
having a first duration;
determine a second tidal volume aggregate based, at least in part, on
the tidal volume rocasurements that fall within a second time
window having a second duration, wherein the first duration is
different than the second duration;
determine a relationship between the first tidal volume aggregate
determined for the first time window and the second tidal
volume aggregate determined for the second time window; and
an output coupled to the circuitry for providing an output signal indicative of a
heart failure status of the patient based, at least in part, on the deterrained relationship
between the first tidal volume aggregate determined for the first time window and the
second tidal volume aggregate determined for the second time window.
2. The system according to claim 1, wherein the sensor comprises at least one of
an impedance sensor, a capacitance sensor, an accelerometer, a displacement sensor,

an optical sensor and a pressure sensor.

29
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3. The system according to any of claims 1 through 2, wherein the relationship
between the first tidal volume aggregate determined for the first time window and the
second tidal voluroe aggregate determined for the second time window is determined
by subtracting the first tidal volume aggregate determined for the first time window

from the second tidal volame aggregate determined for the second time window.

4. The system according to any of clairas 1 through 2, wherein the relationship
between the first tidal volume aggregate determined for the first time window and the
second tidal volume aggregate determined for the second time window is

characterized by determining a fractional difference between the first tidal volume
aggregate determined for the first time window and the second tidal volume aggregate

determined for the second time window.

5. The system according to any of clairas 1 through 4, wherein the first duration

and second duration are measured in a number of twenty-four hour periods,

6. The systern according to any of claims 1 through 5, wherein the first time
window and the second time window do not overlap.

7. The system according to any of clairns 1 throagh 6, wherein the first time
window is separated from the second time window by a third tivae window having a

third duration,

a. The systern according to any of claims 1 through 7, wherein the selected

portion of cach of the twenty-four hour periods corresponds to an afternoon portion.

9. The system according to auy of claims 1 through 7, wherein the selected

portion of cach of the twenty-tfour hour periods corresponds to a morning portion.

1. The systers according to any of claims 1 through 7, wherein the selected

portion of cach of the twenty-four hour periods corresponds 1o an evening portion.

1L The system according to any of claims 1 through 16, wherein the selected

portion of each of the twenty-four hour periods excludes a might portion,

30
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12, The system according to any of claims 1 through 7, wherein the selected
portion of cach of the twenty-four hour periods corresponds 1o & morning portion and

an afternoon portion.

13, A method of determining a progression of heart failure in a patient, the method
comprising:

detecting respiration in a patient over multiple tweunty-four hour periods using
4 SCnSOT;

the sensor gencrating signals indicative of the respiration of the patient over
the multiple twenty-four hour periods;

determining a plurality of tidal vohime measarements for each of the multiple
twenty-four hour periods using the signals indicative of the respiration of the paticat;

determining a representative tidal volume value for a selected portion of each
of the multiple twenty-four hour periods based, at least in part, on the corresponding
plurality of tidal volume measurements; and

generating an output signal indicative of a current heart failure status of the
patient based on a decrease in the representative tidal volume value over multiple

twenty-four hour periods.

14. The method according to claim 13, wherein the selected portion of each

twenty-four hour period excludes a night portion.

15 The method according to any of claims |3 through 14, wherein the selected

portion of each twenty-four hour period comprises an afternoon portion.

31
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