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METHOD FOR CONTINUOUS BAROREFLEX SENSITIVITY MEASUREMENT

BACKGROUND

The present invention relates generally to a medical devices, and, more
parlicidarly, 1o implantable medical devices.

Congestive heart failure is & serious condition affecting at least five million
Americans. Patisnts diagnosed with heart failure have an exiremely poor long-term
prognosis. The average life expeciancy of a person suffering from chronic heart failure is
approxiruately five years. Because of the severity of chronic heart failure, a need exists
for developing efficacious therapies for this disease. The patient's clinical and
hemaodynamic status determines the baroreflex seasitivity (BRS), which is 8 measuse of
the ability of that individual's heart to react to changes in blood pressure by changing heart
rate. The BRS of a chronic heart failure patient parallels that patient's clinical and
hemodynamic status. Thuos, BRS provides an indicator for the efficacy of a drug therapy
or a ventricular resynchronization therapy. BRS may also be used to predict arrhythmic
events and mortality in these patients.

Tn recent years, astonomic markers such as heart rate variability (HRVY and BRS
have been recognized as a good indicator of a deteriorating heart. While HRV degls with
the changes in the RR imerval as a single variable, BRS measures the relationship between
input and output signals in a feedback systemn. Typically, BRS takes systolic blood
pressure as an input and RR inferval as an owtpud.  Several methads have been spggested
10 measure BRS such as bolus injection of vasoactive drugs {e.g., phenylephring), the
Valsalva maneaver, and mechanical alteration of transmural carofid situs pressure by
means of the neck chamber. Such past techniques merely provide a smapshot In time of
BRS and the resulis of such BRS iests must be compared against test results of other
patients in order to delermine wheiher the BRS indicate a worsening heart thiture
condition,

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a schematic diagram depicting a multi-channel, atrial and bi~ventricular,

monitoring/pacing IMD in which embodiments of the invention may be implemented;
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FIG. 2 is a simplified block diggram of an embodiment of IMD circuitry and
associated leads that may be employed in the system of FIG. 1 enabling selective therapy
delivery and monitoring in one or more heart chamber;

FIG. 3 is a simplified block dlagram of a single moniloring and pacing channel for
acquiring pressure, impedance and cardiac EGM sigoals emploved in monitoring cardiac
functioning and/or delivering therapy, including pacing therapy, in accordance with
embodiments of the ivention;

FIG. 4A iltustrates a plot of a patient BECG signal over time;

FIG. 4B shows a plot of a right ventricle systolic pressure measurement and a
respiration waveform over the same time frame as FIG. 44

FIG. 4C illustrates a plot of the baroreflex sensitivity values determined from the
hemodynamic data ilustrated as FIGS. 4A and 4B; and

FIG. 5 is a flow chart diagram of a method of obtaining BRS measurements in an

embodiment of the present invention.

DESCRIPTION OF VARIOUS EMBODIMENTS

The following discussion s presented to enable a person skifled in the arf to make
and use embodiments of the invention. Various modifications 1o the Hustrated
embodiments will be readily apparent to those skilled in the art, and the generic principles
herein may be applied to other embodiments and applications without departing from
embodiments of the invention. Thus, embodiments of the invention are not intended to be
limited to embodiments shown, but are 10 be accorded the widest scope consistent with the
principles and features disclosed hersin, The following detailed description is 10 be read
with reference to the figures, in which ke elements in different figures have like reference
numerals, The figures, which are not necessarily to scale, depict selected embodiments
and are not intended to lmit the scope of embodiments of the invention, Skilled arfisans
will recognize the examples provided herein have many useful alternatives and full within
the scope of embodiments of the invention. The following introductory material is
intended to familiarize the reader with the general natare and some of the features of
embodiments of the invention.

Certain embodiments of the invention may include, or may be adapted for use in,

diagnostic monitoring equipment, sxternal medical device systems, and implantable
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medical devices (IMDs), including implantable hemodynamic monttors (THMgs),
iraplanable cardioverter-defibrillators (ICDs), cardize pacemakers, cardiac
resvachronization therapy {CRT) pacing devices, drug delivery devises, or combinations
of such devices,

FIG. 1 is a schematic representation of an IMD 14 that may be used in accordance
with certain embodiments of the invention. The IMD 14 may be any device that is capable
of measuring hemodvnansic parametsrs (2.5, blood pressure signalg) from within a
ventriclie of a patient’s heart, and which may further be capable of measuring other signals,
such as the patient’s electrogram {(EGM).

In FIG. 1, heart 10 includes the right atsium (RA), left atrtum (LA), right ventricle
{(RV), left ventricle (LV), and the coronary sinas (C8) extending from the opening in the
right atrizm laterally around the atda to form the great vein.

FIG. 1 depicts IMD 14 in relation to heart 10, In certain embodiments, IMD 14
may be an implantable, multi-channel cardiac pacemaker that may be used for restoring
AV synchronous contractions of the airial and ventricular chambers and simultaneous or
sequential pacing of the right and left ventricles. Three endocardial leads 16, 32 and 32
connect the IMD 14 with the RA, the RV and the LV, respectively. Each lead hag at least
one electrical conductor and pace/sense electrode, and a can electrode 20 may be formed
as part of the outer surface of the housing of the IMD 14, The pace/sense electrodes and
can electrode 20 may be selectively emploved 1o provide a number of unipolar and bipolar
pace/sense electrode combinations for pacing and sensing functions. The depicted
positions in or aboul the right and lefl heart chambers are merely exemplary. Moreover
other leads and pace/sense elecirodes may be used instead of the depicted leads and
pace/sense electrodes.

1t should be noted that the IMD 14 may also be an ICD, a CRT device, an THM, or
any other such device or combination of devices (e.g., 2 neurological stimulator, a drug
puragp or the like), according 1o various embodiments of the tnveation.

Typicaily, in pacing systems of the type tlustrated in FIG, 1, the elecirodes
designated above as “pace/sense” electrodes are used for both pacing and sensing
functions. In accordance with one aspect of the present invention, these “pace/sense”

electrodes can be selected $0 be used exclusively as pace or sense electrodes or o be used
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in common as pace/sense electrodes in programmed combinations for sensing cardiac
signals and delivering pace pulses along pacing and seusing vectors.

In addition, soms or all of the leads shown in FIG. 1 could carrv one or more
pressure sensors for measuring systolic and diastolic pressures, and a sertes of spaced
apart impedance sensing leads for deriving volumetric measurernents of the expansion and
conlraction of the RA, LA, RV and LV,

The leads and circuitry described above can be emploved to record EGM signals,
blood pressure signals, and impedance values over cestain time intervals. The recorded
data may be periodically telemetered out to a programmer operated by a physician or other
healthcare worker in an uplink {elemetry transmission during a telemetry session, for
exampie,

FIG. 2 depicts a system architecture of an exemplary multi-chamber
monitor/sensor 100 implanted into a patient’s body 11 that provides delivery of a therapy
and/or physiologic input signal processing. The typical multi-chamber monitor/sensor 100
has g syster architecture that is constructed abowt a microcomputer-based conirol and
timing system 102 which varies in sophistication and complexity depending upon the type
and functional features incorporated therein. The functions of microcomputer-based multi~
chamber monitor/sensor control and timing system 102 are controlled by fimware and
programmed software algorithms stored in RAM and ROM including PROM and
EEPROM and are carried out using a CPU or ALU of a typical microprocessor core
architecture.

The therapy delivery system 106 can be configured to include circuitry for
delivering cardioversion/defibriliation shocks and/or cardiac pacing pulses delivered to the
heart or cardiomyastimulation to a skeletal muscle wrapped shout the heart. Alternately,
the therapy delivery system 106 can be configured as a drug pump for delivering drugs
into the heart io alleviate heart failure or 1o operate an implantable heart assist device or
purap implanted in patients awaiting a heart transplant operation.

The input signal processing circuit 108 inclades at least one physiologic sensor
signal processing channel for sensing and processing 4 sensor derived signal from a
physiologic sensor located in relation to a heart chamber or elsewhere in the body.
Examples ittastrated in FIG, 2 include pressure and volume sensors, but could include

acceleration, oxygen saturation, or spatial sensors.
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F1G. 3 schematically illusteates one pacing, sensing and parameter measuring
channel in relation to one heart chamber. A pair of pace/sense electrodes 140, 142, &
pressure sensor 180, and a plurality, e.g., four, impedance measuring electrodes 170, 172,
174, 176 are Iocated in operative relation 1o the heart 10,

The pair of pace/sense electrodes 140, 142 are located in operative relation o the
heart 10 and coupled through lead conduciors 144 and 146, respectively, to the inputs of &
sense amplifier 148 located within the input signal processing circuit 108. The sense
amplifier 148 is selectively snabled by the presence of a sense enable signal that is
provided by control and timing system 102, The sense amplifier 148 is enabled during
prescribed times when pacing is either enabled or not enabled in a manner known in the
pacing art. The blanking signal is provided by control and timing system 102 upon
delivery of a pacing pulse or pulse frain to disconnect the sense ampiifier inputs from the
lead conductors 144 and 146 for a short blanking pertod in a mamner well known in the art.
The sense amplifier provides a sense event signal signifying the contraction of the heart
chamber commencing 8 heart cycle based upon characteristics of the EGM, The control
and timing system responds to non-refractory sense events by restarting an escape interval
{EI) timer timing out the El for the heart chamber, in & manner well known in the pacing
art,

The pressure sensor 160 is coupled to & pressure sensor power supply aad signal
processor 162 within the input signal processing circuit 108 through a set of lead
conductors 164, Lead conductors 164 convey power to the pressure sensor 160, and
convey sampled blood pressure signals from the pressure sensor 160 1o the pressure sensor
power supply and signal processor 162. The pressure sensor power supply and signal
processor 162 samples the bload pressure impinging upon a transducer surface of the
sensor 160 located within the heart chamber when enabled by a pressure sense enable
signgl from the control and timing system 102, Absolute pressure (P), developed pressure
{DP) and pressure rale of change (dP/dt) sample values can be developed by the pressure
sensor power supply and signal processor 162 or by the control and timing system 102 for
storage and processing.

A variety of hemodynamic parameters may be recorded, for example, including
right ventricadar (RV) systolic and dlastolic pressures (RVEP and RVDP), estimated

pulmonary artery diastolic pressure (e8P AD), pressure changes with respect to time (dP/dt),
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heart rate, activity, and temperature, Some parameters may be derived from others, rather
than being directly measured. For example, the ePAD parameter may be derived from RV
pressures at the moment of pulmonary valve opening, and heart rate may be derived from
information in an intracardise electrogram (EGM) recording. Pressure sensor 160 may be
uged to sense the pressure data, but it is contemplated that most any type of sensor could
be used, such as an external cuff sensor, implantable pressure sensor, or a flow sensor in
the venous or arterial system, without departing from the spicit of the invention. Further,
the blood pressure can be detected most anywhere in the body including other chambers of
the heart without departing from the spirit of the invention.

The set of impedance electrodes 170, 172, 174 and 176 is coupled by a set of
conductors 178 and is formed as a lead that is coupled 1o the impedance power supply and
signal processor 180, Impedance-based measurements of cardiac parameters such as stroke
volume are known in the art, such as an impedance lead having plural pairs of spaced
surface electrodes located within the heart 10. The spaced aparnt electrodes can also be
disposed along impedance leads lodged in cardiac vessels, e.g., the coronary sinus aad
great vein or attached to the epicardium around the heart chamber. The impedance lead
may be combined with the pace/sense and/or pressure sensor bearing lead.

The data stored by IMID 14 may include conlinuons monitoring of various
paratneters, for example recording intracardiac EGM data at sampling rates as fast a5 256
Hz or faster. In certain embodiments of the invention, an IHM may alternately store
sumunrary forms of data that may allow storage of data representing longer periods of time.
in one embodiment, hemodynamic pressure parameters may be sommarized by storing a
number of representative values that describe the hemodynamic parameter over a given
storage interval, The mean, median, gn upper percentile, and a lower percentile are
examples of represemtative values that may be stored by an IHM to summarnize data over
an interval of time (e.g., the storage interval). In one embodiment of the inveniion, a
storage inferval may contain six minutes of data in & data buffer, which may be
summarized by storing 3 median value, 4 94th perceatile value (1., the apper percentile),
and a 6th percentile value (.e, the lower percentile) for each hemodynamic pressure
parameter being monitored. In this manner, the memory of the THM may be able to
provide weekly or monthly (or longer) views of the data stored. The data buffer, for

example, may acquire data sampled at a 256 Hz sampling rate over a § minnte storage
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interval, and the data bufter may be cleared out after the median, upper percentile, and
lower percentite values during that 6 minute period are stored. It should be noted that
certain parameters measured by the IHM may be summarized by storing fewer values, for
example storing only a mean ot median value of such parameters as heart rate, activily
{evel, and temperature, according to certain embodiments of the invention.

Although various stimuli can be utilized {0 assess BRS, certain embodiments of the
present favention provide for a continuous measurenatst of BRS. Ag explained further
below, one convenient trigering mechanism for BRS measurement is respiration sincgif
provides a continuous and periodic perturbation of the antonomic nervous system.

An increase in heart rate is tvpically associated with an increase in blood pressure
ap 10 a certain point where the signaly start to deviate. Similarly, as pressore decreases,
heart rate typically decreases. In patients with heart faflure, however, blood pressuss and
heart rate do not frack together very well. As the patient’s heart failure worsens, the
patient’s tracking of blood pressure and heast rate also worsens.

BRS is g measure of the ability of that individual's heart to react to changes in
blood pressure by changing heart rate. Baroretlex sensitivity measures the state of
autonomic nervous system, thus the balance of the sympathetic and parasympathetic.

The “respiration effect™ may be used as one convenient basis for measuring BRS.
Cardiac function varies during respiration, & phenomenon referred to as the “respiration
effect.” Pressures in the right atrium and thoracic vena cava depend oo intrapleural
pressure (Pp). During inspiration, the vagus nerve activity is impeded and heart rate
increases. Also, the chest wall expands and the diaphragm lowers, This causes a fall in
P that leads to expansion of the lungs and cardiac chambers {e.g., right atrium and right
ventricle), and a reduction in right atrial and ventricular pressures, As right atrial pressure
falls doring inspivation, the pressure gradient for venous return to the right veniricle
increases. During expiration, the opposite ocours. The degree of heart rate fluctuation is
also controlied by regular impulses from the baroreceptors (pressure sensors) in the aorta
and carotid arteries as well as cardiopulmonary receptors. Respiration provides a
convenient basis for measuring BRS sinde the perturbation of blood pressure and resulting
change in heart rate may be used as inpuis for a continuous BRS measurement. The
pressure decrease during inspiration typically induces a heart rate increase. The pressure

increase during expiration typically induces a heart rate decrease. BRS is a measure of the
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ability of that individual's heart to react to changes in blood pressure during respiration by
changing heart rate.

Methods and svstems in accordance with certain embodiments of the invention
may therefore include monitoring of the respiratory ovele (nspiration and expiration) for
use as the basis for continuous BRS measurement. To date, various methods have been
proposed for detecting respirgtion in an IMD. For example, mingte ventilation sensors
have been used 10 measure respiration by monitoring cyclic changes in transthoracic
impedance that occur during respiration. Intracardias electrogram (EGM) amplitude
modulation has also been used to monitor respiration. A technique for monitoring
respiration that uses blood pressure signals has also been proposed.

Certain embodiments of the present invention also collect pressure measurements
and heart rate information for use in continuous BRS measurement. Such pressure
measurements may include RVDP and RVSEP, as well as parameters that may be desived
from other pressure parameters, such as estimated pulmonary antery diastolic pressure
{ePAD) and rate of pressure change (dP/At). Moreover, corresponding left side pressures,
such as LVSPE, LYDP, LVPP, LAP, or RAP, may also be nsed in BRS measurement.

In more specific embodiments, hemodynamic data tor continuous BRE assessment
is gathered using a lead located in the right ventricle. In these specific embodiments, the
lead can measure pressure based on RV pressure and heart rate based on RR interval
length. BRS asseasment can be achieved using spontaneous respiratory effort as the
stimulus by calculating the ratio between the change in RR interval and the change in RY
pressure parameters {e.g., RV systolic pressure). The following equation describes the

concept.

Corriimeons ARR{ms) _
T ARVSP(mmbg)

ARR represents the difference in the maximum RR interval and the
minimum BR interval for the time pertod in question, ARVSP represents
the difference in the maxirnum RV systolic pressure and the minimum
RV systolic pressure for the same fime period. These maximum and
minimum values usually ocour at the beginning of a respiration cycle
{minintom tidal volume) and at the end inspiration {peak tidal volume),

respectively,
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BRS can be determined over many different tine periods, For instance, in one
emnbodiment, BRS is calculated for each respiration cycle. That is, the maximum and
minimum RR intervals and RVSP are determined for each respiration oyole. In other
embodimenls, BRS is calculated over just the inspiration period or just the expiration
period. BRS can also be estimated on a beat-to-beat basis at every cardiac cycle using the
equation provided above. In such an embodiment, ARR and ARVSP are just values
caleulated from two most recent samples of RR interval and RVEP, and it is not necessary
to determine respiration cycles prior to BRS calculation. As noted above, pressure
changes other than RVSP may beused. Such pressure changes may be substituted for
ARVSEP in the equation gbove. In certain embodiments, ARR and ARVSP in the BRS

calculation can be measured over different respiration cycles, as indicated by the following

equation. Mw a0 12,3,
Continuous BRS = {(ARVSP)owm, mw.1,2.3...

In these embodiments, {ARR),.,, represents the difference in the maximum RR
interval and the mintmum RR interval for the respiration cycle (t-n), where t is the current
respiration cycle and n (which may beequal to 0, 1, 2, 3 . . )} is the number of respiration
eycles ago in which the ARR value should be calculated. Sinularly, (ARVEP Y
represents the difference in the maximum RV systolic pressure and the minimurn RV
systolic pressure for respiration cycle (t-m), where t is again the current regpiration cvcle
and m {which may be equal to 0, 1, 2, 3 . . .} is the oumber of respiration cycles ago in
which the ARVSP should be calculated. Basing the BRS measurement off of different
respivation oycles (Lo, n not equal to m) provides a BRS measurement that accounts for
delays between a change in one variable and an effect on the other variable. For instance,
as noted above, respiration causes pressure changes such as a change in RVSP, It may
take several respiration cycles for the pressure change to physiologically induce a rate
change, such as a change in RR. Using the equation above with, for instance, n= 0 and m
=3, the BRS calculation can account for a delay of 3 respivation cycles between the ARR
induced in the {t - O) current respiratory cyele by the ARVSP from the (1~ 3) respiration
cycle 3 eycles ago. The values of m and n may be predetermined, preprogrammed, or set
to change dynamically based on data from device sensors.

FIGS. 4A ~ 4C graphically tHustrate plots of hemodynamic data used to

continuousty estimate BRS. FIG. 4A illustrates a plot of a patient BECG signal 500 over
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fime used ina BRS calculation, In this plot, exemplary RR interval 502 35 shown, Itis
understood, of course, that an EGM stgnal could be used iastead of or in addition to ECG
signal 300,

Detection of respiration is, of course, required in order 1o estimale BRS for a given
respiration cycle. In one embodiment, respiration is detected using RV pressure signals.
FIG. 48 shows a plot of an RV systolic pressure 504 measurement (RVSP) of the patient
over the same time frame as FIG. 4A. As mentioned above, other pressure measurements
could be used instead or n addition 1o RVSP 504, A sensor, such as pressure sensor 160
(F1(3. 3), may be used to sense RVSP. FIG. 4B also shows a respiration waveform 506
superimposed over RVSE 504, Respiration waveform 500 may be derived by passing the
RVSP signal 504 through a low-pass filter such that ldgher frequency components may be
filtered oust or removed. QOther methods and mechanisms may be substitiwed in order to
detect respiration without departing from the spirit of the invention. For instance, various
sensor combinations can be emploved, such as impedance, Oy, piezcelectric sensors.
Additionally, pressure waveforms, other than RVEP, may be used 1o help detect
respiration.

Peaks 508 of regpiration waveform 506 in FIG. 4B oceur with high RVSP and
correspond with the end of expiration and beginning of inspiration. Troughs 510 of
respiration waveform 306 occur with low RVSP and correspond with the end of
inspiration and beginning of expiration. Accordingly, a single respiration cycle 512 may
also be seen from respiration waveform S06. Of course, a respiration cycle may be
considered to run from beginning ingpiration to end expiration (as shown as 312) or from
bheginning expiration to end inspiration. Using the data from FIGS, 44 and 4B, BRS may
be caleulated continwously, for instance, over gach respiration cycle 312, by deterniining
the greatest change in RR intervals and RVSP.

FIG. 4C illustrates a plot 514 of the individual BRS values 516 determined from
the hemodynamic data iostrated as FIGS. 4A and 48, BRS data can be stored in the
device memaory or transmitted 1o an external storage device using telensetry as discussed in
detail above. By contingously measuring BRS, the BRS values 516 may be monitored for
changes over time. As indicated above, a deteriorating BRS can signal worsening heart
fatture, Past methods of BRS determination, which provided g one-time measurement,

were difficult to compare against other since the tests were sporadic and irregular.
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In addition to comparing BRS measurements against cach other, BRS
measurements may be moniored and trended to see whether they remain within an
envelope of predetermined thresholds. FIG. 4C shows an upper threshold 318 (shown as
approximately 3.3 mS/mmiig) and a lower threshold 520 (shown as approximately 1.5
mS/mmHg), providing a zone 522. For instance, confinuous BRS values may be stored
and trended over & period of time (e.g., 24 hours), Various fechnigues can be emploved o
compose trend data. For example, trend data points may be caloulated from median or
mean values of any given time duration, or the data points could be smoothed via a Jow-
pass filter smoothing function. The trend may be analyzed to determine whether it
increases higher than an ypper threshold 518, in which case the patieni’s condition may
have deteriorated to a clinically significant level that may necessitate further investigation
or remedial action. In certain embodiments, an alanm is sounded, a therapy is delivered, or
a medical professional could be alerted {(via a wireless transmission from the implanted
medical device) if the trendline 514 of BRS measurements 516 fall sbove, below, or
outside of zone 522, By using a trendline, one measurement will not typically activaie an
alarm on the IMD. With respect to possible therapies when BRS trendline falls outside of
the threshold zone 322, it is contemplated that the IMD could administer 8 CRT, CPT, or
PESP therapy. The therapy would be intended to improve the patient’s bemodynamics,
thus reducing the effects of the heart failure and hopefully return BRS measurements 316
back within zone 522.

The threshold values 318 and 520 are merely exemplary and are based apon the
particutar patient and the particular placement of pressure sensor 160, These values may
he set during the implant process or during post-implant programming. The values can be
based on initial BRS measarements, Upper threshold 518 and lower threshold 520 can
also be dynamically changing thresholds. For example, H the IMD obtains BRS
measurements that fluctuate above of below the zone 322 then processor 102 can decide
to dysamically change upper threshold 518 or lower threshold 520 to account for these
fluciuating measurements.

In certain embodimends, continuons BRS measurements are collected and
compared under similar patient circumstances, such as similar aciivity levels. In such
embodiments, the IMD determines that such circumstances exist when classifying the

BRS measurement data for comparison and trending with past BRS measurement data.
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Different categories of circumstances include, without limitation, patient activity, time of
day, and patient body posture. For instance, in these embodiments, IMD separates BRS
measrements inte those taken during active periods and periods of inactivity, By doing
so, comparisons between BRS measurements can be made under similar patient
curcumstances.

For instance, in one embodiment where patient circignsiances are considered, an
activity sensor is used to determing patient activity level. The sensor may sense, for
instance, a threshold aciivity level {e.g., & particular activity count) that triggers the BRS
measurenent.

In ancther embodiment, BRS measurements can be triggered by different sensor
information. That is, detection of one or more of the patient circumstances noted above
may be used as a triggering event 1o initiate BRS measuremeants over one ofr more
respiration eycles. For example, a level of exercise can be measared using an activity
serisor. When activity level sxceeds a pre~-determined threshold {e.g., activity counts > 6),
BRS measwrement can begin and cominue over respiration cycles until, for instance, the
activity level reaches a pre-determined “stop” rate, or a pre-programmed “time”™ expires
{e.g., minufes after trigger).

Postare changes perttbate the autonomic nervous system and can provide a
triggering event for continuous BRS measurement. A sensed posture change could then
be nsed to initiate BRS measurement. An accelerometer is one example of a sensor that
may be used to sense patient posture changes. For example, if the patient stands up it is
expected that the systolic pressure will increase, and if the patient is at rest, then it is
expected the systolic pressure would decreass. Knowing this, the algorithm above could
be used to calculate the BRS over respiration oyeles until, for instance, patient posture
changes or a pre-programmed time expires. However, it is fully contemplated that any
naturally ocourring perturbation of the autonomic system, such as respiration, posture,
patient activity, body lemperature, could be used without departing from the spirit of the
invention. Itis further contemplated that other non-naurglly occurring events, such as g
CRT, a post extra-systolic potentiation {PESP) therapy, or an internally delivered drug
therapy could be used as the triggering event without departing from the spirit of the

imvention,
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With reference to Figure 5, a flow chart diagram of a method of obtaining BRS
measurements in an embodiment of the present invention is shown. Processor 102 begios
the program af state 600. In the embodiment shown, the program commences
immediately. However, inftiation of the program could be based upon a sensed
perturbation of the autonomic system as discussed above. At state 602, processor 102
begins 1o coliect and store in memory cardiac datg including R-R value 502 from an EGM
measurement collected by the leads referenced above in Figure 2 and systolic pressure
from the right ventricle as shown in Figure 48. At state 604, processor 102 derives a
respiration signal based upon the right ventricular pressure utilizing, for example, a
lowpass filter that produces a respiration waveform 306 as shown in Figure 48, At state
806, processor 102 determines whether the end of a respiration cycle has been detected. I
not, then processor retns to state 604, If the end of respirasion cycle is detected, then
processor 102 proceeds to state 608 to determine the minimum and maximuom R-R mterval
and RYSP values for the current respiration cycle. At state 610, processor 102 calculates
the R-R interval and the RVSP. At state 612, processor 102 calculates the BRS utilizing
the algorithm discussed above and stores the BRS value in memory.

At state 612, processar 102 determines if the BRS value is outside of zone 522, If
the value is outside of zone 522, processor 102 then determines whether the BRS has been
outside of zone 522 greater than a predetenmined time, for example 2-3 days at state 616.
If the value is not outside of zone 522, then processor 102 returns 10 state 602, I the BRS
value has not been outside of zone 522 for greater than the predetermined time frame, then
processor 102 proceeds to state 618 o determine to determine if the out of zone 522
values are intermittent. If the BRS values have been outside of zone 322 for over the
predetermined time frame, then an alarm is intflated at state 620, Optionatly, processor
102 can also administer a therapy, as discussed above, at state 622 to try and tmprove the
hemodynamic performance of the heart. Processor 102 then returns fo state 602 once the
alarm has been cleared. I the BRY value has been intermiliently outside of zone 522, then
processor 102 can dynamically change either upper threshold 518 or lower threshold 520
depending on whether the BRS value is intermittently high or low at state 624, Ifitis
determined that the BRS value is not intermitiently outside of zone 522, for example, only
up to 5 or 10 ocourrences have been outside zone 522, then processor 102 proceeds to state

602 to being the process all over again.
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Thus, embodiments of the METHOD FOR CONTINUQUS BAROREFLEX
SENSITIVITY MEASUREMENT are disclosed. One skilled in the art will appreciate
that the present invention can be practiced with embodiments other than those disclosed.
The disclosed embodiments are presented for purposes of iltustration and not limitation,

and the present invention is limited only by the claims that follow.
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CLAIMS
1, A method for calculating a continuous baroreflex senstiivity (BRS) value,
comprising:

detecting respiration cycles of a patieng;

measuring heart rate of the patient over a first set of respiration cycles;

measuring & pressure metric of the patient over g second set of respiration cycles;
and

calcuiating a BRS value based on the heart rate and pressure measurements.

2, A method according to claim 1, wherein the calculating the BRS value is
performed for sach respiration evele,
3. A method according to claim 1, wherein the calendating the BRS value is based on

heart rate and pressure measurements taken over different respiration cycles.

4. A method according to claim 1, wherein the respiration cycles are detected from.
the pressure measarement.
3. A method gecording to claim 1, wherein the measuring the pressure metric

comprises measuring a right ventricular systolic pressure metiic.

6. A method according 1o claim 1, wherein the calculating the BRS value includes

determining a maximum change in the pressure meric over each respiration cycle.

7. A method according to claim 1, wherein calculating the BRS value includes

determining a maximum change in an R-R interval over each respiration cycle.

8. A method according to claim 1, wherein the heart rate is measured from an BCG

signal.
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9, An implantable medical device, comprising;
one or mote sensors for sensing patient heart rate, blood pressure, and respirvation
cycles: and
a housing supporling a processor and adapted for implantation in & patient, the
processor coupled to the one or more sensars, the processor for calculating continuous
baroreflex sensitivity {BRS) for each detected respiration cycle based on the sensed heart

rate, hivod pressure and respiration gveles,

10 A medical device according to claim 9, wherein the respiration cycles and blood

pressure are sensed by the same one of the one or more sensors,

il A medical device according to claim 9, wherein the processor caleulates a trendline

of BRS values obinined over multiple respiration cycles.

{2, A medical device according to claim 9, wherein the processor compares the BRS
caleulation against a zone of predetermined BRS thresholds.
13, A medical device according to claim 12, wherein the processor intliates an alarm if

the BRS calculation is cutside the zone of predetermined BRS thresholds.

14 A medical device according to claim 12, wherein the processor changes at least

one zone threshold if the BRS caladdation intermittently produces values outside the zone,

15, A mredical device secording to ¢laim 12, wherein the processor initigtes a freatment

if the BRS caleulation is outside of the zone of predetermined thresholds.

16, A computer-readable medivn programmed with instractions for baroreflex
sensitivity (BRS)Y measurement, the medium comprising instrsctions for causing a
programmable processor to: '

detect at least one of inspiration and expiration cycles of a patient;
measure g heart rate of the patient;

measure a pressure of the patient; and
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caleniate a BRS value over that at least one of inspiration and expiration cycles, the
BRS calculation constituting the change in measured heart rate divided by the change in

measured pressure.

17 A medium according to claim 16, firther comprising detecting a patient
circumstance including at least one of palient activity, time of day, and patient posiure,

and classifying BRS measurement data based on the detected patient clrecumstance.

I8 A mediwn according o claim 16, further comprising instructions to detect a patient
circumstance including at least one of patient activity, time of dav, and patient posture,

and initiate BRS caleulation after detection of the patient circumstance.

19. A medium according to claim 18, further comprising instructions to inifiate the at
least one of inspiration and expiration cycle detection, heart rate measurement, and

pressure measwrement after detection of the patient clrcumstance.

20, A mediom according to claim 18, further comprising instructions fo detect a
change in the patient circumstance and to halt BRS calenlation after detection of the

change in the patient circumstance,

21. A medivm according to claim 18, further comprising instructions to halt BRS

calculation upon reaching a predefermined time period after initiating BRS calculation.

22, A meditm according to clgim 16, whersin the BRS caleulations are performed by a

medical device implanted in the patient.
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