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(57) ABSTRACT 

According to a system or method, information indicative of a 
cardiac depolarization signal can be obtained. Information 
indicative of an acoustic signal from an implantable acoustic 
sensor included as a portion of an implantable therapy device 
can be obtained. A feature indicative of an R wave can be 
identified from the information indicative of the cardiac depo 
larization signal, and a feature indicative of an S2 heart Sound 
can be identified from the information indicative of the acous 
tic signal. A time interval between an instant corresponding to 
the feature indicative of the R wave and an instant corre 
sponding to the feature indicative of the S2 heart sound can be 
determined. Using information about the determined time 
interval, an adjusted pacing therapy parameter can be pro 
vided for use in a pacing therapy to be provided by the 
implantable therapy device. 
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SYSTEMAND METHOD FOR SYSTOLC 
INTERVAL ANALYSIS 

CLAIM OF PRIORITY 

0001. This application is a continuation under 35 U.S.C. 
S120 of Patangay, U.S. patent application Ser. No. 13/750, 
458, which was a continuation of Patangay, U.S. patent appli 
cation Ser. No. 1 1/553,179, entitled “System and Method for 
Systolic Interval Analysis.” filed on Oct. 26, 2003 and now 
issued as U.S. Pat. No. 8.364,263, the benefit of priority of 
each of which is hereby presently claimed, and each of which 
is hereby incorporated by reference herein in its entirety. 

TECHNICAL FIELD 

0002 The present disclosure relates to an implantable 
medical device system, and in an embodiment, but not by way 
of limitation, an implantable medical device system and 
method that analyzes systolic intervals. 

BACKGROUND 

0003. The heart is at the center of the circulatory system. It 
includes four chambers—two atria and two ventricles. The 
right atrium receives deoxygenated blood from the body, 
pumps it into the right Ventricle, and the right ventricle pumps 
the blood to the lungs to be re-oxygenated. The re-oxygenated 
blood returns to the left atrium, it is pumped into the left 
ventricle, and then the blood is pumped by the left ventricle 
throughout the body to meet the hemodynamic needs of the 
body. 
0004. The heart includes a sinoatrial node that generates a 
depolarization wave that propagates through the heart. The 
depolarization wave can be sensed in the heart or at the 
surface of the body. The depolarization wave of a full cardiac 
cycle includes a P wave, a QRS complex, and a T wave. The 
P wave represents the atrial depolarization before the atrial 
contraction, and the QRS complex represents the ventricular 
depolarization before the ventricular contraction. The T wave 
represents the Ventricular repolarization as the ventricles 
recover from the depolarization. 
0005 Heart sounds are associated with mechanical vibra 
tions from activity of a patient’s heart and the flow of blood 
through the heart. Heart Sounds recur with each cardiac cycle 
and are separated and classified according to the activity 
associated with the vibration. The first heart sound (S1) is 
associated with the vibrational sound made by the heart dur 
ing tensing of the mitral valve. The second heart Sound (S2) 
marks the beginning of diastole. The third heart sound (S3) 
and fourth heart sound (S4) are related to filling pressures of 
the left ventricle during diastole. Heart sounds are useful 
indications of proper or improper functioning of a patients 
heart. 
0006 Implantable medical devices (IMDs) are devices 
designed to be implanted into a patient. Some examples of 
these devices include cardiac function management (CFM) 
devices such as implantable pacemakers, implantable cardio 
verter defibrillators (ICDs), cardiac resynchronization 
devices, and devices that include a combination of such capa 
bilities. The devices are typically used to treat patients using 
electrical therapy or to aid a physician or caregiver in patient 
diagnosis through internal monitoring of a patient’s condi 
tion. The devices may include electrodes in communication 
with sense amplifiers to monitor electrical heart activity 
within a patient, and often include sensors to monitor other 
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internal patient parameters. Other examples of implantable 
medical devices include implantable diagnostic devices, 
implantable insulin pumps, devices implanted to administer 
drugs to a patient, or implantable devices with neural stimu 
lation capability. 

OVERVIEW 

0007 An implantable medical device can be used to detect 
cardiac impedance signals and heart sound signals. The 
device can calculate a time interval between a point on the 
heart Sound signal and a point on the cardiac impedance 
signal. The time interval can be compared to independently 
specifiable thresholds, such as to triggeran alertorresponsive 
therapy, or to display one or more trends. The time interval 
information can also be combined with detection of one or 
more other congestive heart failure (CHF) symptoms togen 
erate a CHF status indicator or to trigger an alarm or respon 
sive therapy or to display one or more trends. The alert can 
notify a patient or a caregiver, such as via remote monitoring. 
0008. In Example 1, a system includes an implantable 
medical device. The implantable medical device includes a 
timing circuit, a cardiac impedance sensing circuit that is 
coupled to the timing circuit and that is configured to detect a 
cardiac impedance signal, an acoustic sensor that is coupled 
to the timing circuit and that is configured to sense an acoustic 
signal, and a heart sound detector circuit that is coupled to the 
timing circuit and that is configured to detect a heart Sound 
signal in the acoustic signal. The timing circuit is configured 
to calculate a time interval between a point on the heart Sound 
signal and a point on the cardiac impedance signal. 
0009. In Example 2, the system of Example 1 optionally 
includes a telemetry circuit that is coupled to the timing 
circuit and that is configured to transmit one or more of heart 
Sound data and cardiac impedance data to one or more of an 
external device and an external database. 
0010. In Example 3, the systems of Examples 1-2 option 
ally include a transform circuit that is coupled to the timing 
circuit and that is configured to calculate a transformed signal 
of the cardiac impedance signal. In Example 3, the timing 
circuit is optionally configured to calculate a time interval 
between a point on the heart sound signal and a point on the 
transformed signal. 
0011. In Example 4, the timing circuits of Examples 1-3 
are optionally configured to calculate a time interval between 
a point on the heart Sound signal and a point on the trans 
formed signal that calculates a left ventricular ejection time. 
In Example 4, in the calculation of the left ventricular ejection 
time the timing circuit optionally uses a point on the heart 
Sound signal indicative of an S1 heart Sound, and a point on 
the transformed signal indicative of an aortic valve closure 
within a cardiac cycle. 
0012. In Example 5, the timing circuits of Examples 1-4 
are optionally configured to calculate a time interval between 
a point on the heart Sound signal and a point on the trans 
formed signal that calculates an estimate of pre-ejection time. 
In Example 5, in the calculation of the estimate of the pre 
ejection time, the timing circuit optionally uses a point on the 
heart sound signal indicative of an S4 heart sound, and a point 
on the transformed signal indicative of an aortic valve open 
ing within a cardiac cycle. 
0013. In Example 6, the timing circuits of Examples 1-5 
are optionally configured to calculate the time interval 
between a point on the heart Sound signal indicative of an S4 



US 2014/020720.6 A1 

heart Sound, and a point on the transformed signal indicative 
of a maximum systolic blood flow within a cardiac cycle. 
0014. In Example 7, the timing circuits of Examples 1-6 
are optionally configured to calculate the time interval 
between a point on the heart Sound signal indicative of an S2 
heart Sound; and a point on the transformed signal indicative 
of one of a maximum systolic blood flow within a cardiac 
cycle, an aortic valve opening within a cardiac cycle, a pull 
monary valve closure within a cardiac cycle, an aortic valve 
closure within a cardiac cycle, or a mitral valve opening 
within a cardiac cycle. 
0015. In Example 8, the timing circuits of Examples 1-7 
are optionally configured to calculate the time interval 
between a point on the heart Sound signal indicative of an S1 
heart Sound; and a point on the transformed signal indicative 
of one of an aortic valve opening within a cardiac cycle, a 
pulmonary valve closure within a cardiac cycle, or a mitral 
valve opening within a cardiac cycle. 
0016. In Example 9, the timing circuits of Examples 1-8 
are optionally configured to calculate the time interval 
between a point on the heart sound signal indicative of an S3 
heart Sound; and a point on the transformed signal indicative 
of one of an aortic valve closure within a cardiac cycle, a 
pulmonary valve closure within a cardiac cycle, or a mitral 
valve opening within a cardiac cycle. 
0017. In Example 10, the timing circuits of Examples 1-9 
are optionally configured to calculate the time interval over 
multiple cardiac cycles, and to identify or characterize a dec 
ompensation as a function of one or more changes in the time 
interval over the multiple cardiac cycles. 
0018. In Example 11, the systems of Examples 1-10 
optionally include an external device. The implantable medi 
cal device optionally includes a cardiac sensing circuit that is 
coupled to the timing circuit and that is configured to detect a 
cardiac signal; an ensemble averaging circuit that is coupled 
to the timing circuit and that is configured to generate an 
ensemble average for one or more of the cardiac signal, the 
cardiac impedance signal, the heart Sound signal, and the 
transformed signal; and a telemetry circuit. The cardiac signal 
can be a cardiac electric signal (EGM). The external device 
optionally includes a telemetry circuit; a memory circuit con 
figured to store one or more of the ensemble averaged cardiac 
signal, the ensemble averaged cardiac impedance signal, the 
ensemble averaged heart Sound signal, and the ensemble 
averaged transformed signal; and a timing circuit configured 
to calculate a second time interval between one or more of (1) 
a point on the ensemble averaged cardiac signal and a point on 
the ensemble averaged heart Sound signal. (2) a first point on 
the ensemble averaged heart Sound signal and a second point 
on the ensemble averaged heart Sound signal, (3) a point on 
the ensemble averaged impedance signal and a point on the 
ensemble averaged heart Sound signal, and (4) a point on the 
ensemble averaged heart sound signal and a point on the 
ensemble averaged transformed signal. 
0019. In Example 12, in the system of Example 11, the 
point of the ensemble averaged cardiac signal optionally 
includes a portion of an R wave, and the point of the ensemble 
averaged heart Sound signal is optionally indicative of one of 
an S1, S2, S3, or S4 heart sound. 
0020. In Example 13, the external device memory of 
Examples 11-12 optionally include one or more of cardiac 
signal data, cardiac impedance data, heart Sound data, and 
transformed signal data from a population of individuals. The 
external device is optionally configured to use the cardiac 
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signal, cardiac impedance, heart Sound, and transformed sig 
nal population data in connection with an analysis of an 
individual’s cardiac signal, cardiac impedance, heart Sound, 
and transformed signal data. 
0021. In Example 14, the external devices of Examples 
11-13 optionally include or are optionally coupled to one or 
more external sensors. One or more patient thresholds are 
optionally set as a function of data received from the one or 
more external sensors. 
0022. In Example 15, the external devices of Examples 
11-14 optionally include or are optionally coupled to one or 
more of an external sensor and a database. The external device 
further optionally includes a circuit configured to compare 
one or more of the cardiac signal, the cardiac impedance 
signal, the heart Sound signal, the transformed signal, data 
from the external sensor, and data from the database. 
0023. In Example 16, the external sensors of Examples 
11-15 optionally include one or more of a body weight sensor 
and a blood pressure sensor. The database optionally includes 
one or more of a medication history, a disease history, a 
hospitalization history, and one or more population statistics. 
0024. In Example 17, a process includes measuring a car 
diac impedance signal with an implantable medical device, 
measuring a heart Sound signal with the implantable medical 
device, and calculating a time interval between a point on the 
cardiac impedance signal a point on the heart Sound signal. 
0025. In Example 18, the process of Example 17 option 
ally includes transforming the cardiac impedance signal into 
a transformed signal, and calculating a time interval between 
a point on the transformed signal and a point on the heart 
Sound signal. The transforming may include one or more of a 
differentiation, a filtering, a derivation, and an integration. 
0026. In Example 19, in the processes of Examples 17-18, 
the calculation of the time interval between a point on the 
transformed signal of the cardiac impedance signal and a 
point on the heart Sound signal optionally calculates a left 
ventricular ejection time. The calculation of the left ventricu 
lar ejection time optionally uses a point on the heart Sound 
signal indicative of an S1 heart sound, and a point on the 
transformed signal indicative of an aortic valve closure within 
a cardiac cycle. 
0027. In Example 20, in the processes of Examples 17-19. 
the calculation of a time interval between a point on the 
transformed signal of the cardiac impedance signal and a 
point on the heart Sound signal optionally estimates a pre 
ejection time. The estimation of the pre-ejection time option 
ally uses a point on the heart Sound signal indicative of an S4 
heart Sound, and a point on the transformed signal indicative 
of an aortic valve opening within a cardiac cycle. 
0028. In Example 21, in the processes of Examples 17-20, 
the calculation of the time interval optionally uses a point on 
the heart sound signal indicative of an S4 heart Sound, and a 
point on the transformed signal indicative of a maximum 
systolic blood flow within a cardiac cycle. 
0029. In Example 22, in the processes of Examples 17-21, 
the calculation of the time interval optionally uses a point on 
the heart Sound signal indicative of an S2 heart Sound; and a 
point on the transformed signal indicative of a maximum 
systolic blood flow within a cardiac cycle, an aortic valve 
opening within a cardiac cycle, a pulmonary valve closure 
within a cardiac cycle, an aortic valve closure within a cardiac 
cycle, or a mitral valve closure within a cardiac cycle. 
0030. In Example 23, in the processes of Examples 17-22, 
the calculation of the time interval optionally uses a point on 
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the heart sound signal indicative of an S1 heart Sound; and a 
point on the transformed signal indicative of one of an aortic 
valve opening within a cardiac cycle, a pulmonary valve 
closure within a cardiac cycle, or a mitral valve opening 
within a cardiac cycle. 
0031. In Example 24, in the processes of Examples 17-23, 
the calculation of the time interval optionally uses a point on 
the heart sound signal indicative of an S3 heart Sound; and a 
point on the transformed signal indicative of one of an aortic 
valve closure within a cardiac cycle, a pulmonary valve clo 
Sure within a cardiac cycle, or a mitral valve opening within a 
cardiac cycle. 
0032. In Example 25, the processes of Examples 17-24 
optionally include calculating the time interval over multiple 
cardiac cycles, and identifying or characterizing a decompen 
sation as a function of a change in the time interval over the 
multiple cardiac cycles. 
0033. This overview is intended to provide an overview of 
the Subject matter of the present patent application. It is not 
intended to provide an exclusive or exhaustive explanation of 
the invention. The detailed description is included to provide 
further information about the subject matter of the present 
patent application. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0034 FIG. 1 illustrates an example of an implanted medi 
cal device in communication with an adjunct device. 
0035 FIG. 2 illustrates an example of an implantable 
medical device. 
0036 FIG. 3A illustrates an example of a cardiac signal. 
0037 FIG. 3B illustrates an example of a cardiac imped 
ance signal. 
0038 FIG.3C illustrates an example of a first derivative of 
a cardiac impedance signal. 
0039 FIG. 3D illustrates an example of a heart sound 
signal. 
0040 FIG. 4 illustrates an example of a process to calcu 
late systolic time intervals. 

DETAILED DESCRIPTION 

0041. In the following detailed description, reference is 
made to the accompanying drawings which form a part 
hereof, and in which is shown by way of illustration specific 
embodiments in which the disclosure may be practiced. 
These embodiments, which are also referred to as examples, 
are discussed in sufficient detail to enable those skilled in the 
art to practice the disclosure, and it is to be understood that the 
embodiments may be combined, or that other embodiments 
may be utilized and that structural, logical and electrical 
changes may be made without departing from the scope of the 
present disclosure. The following detailed description pro 
vides examples, and the scope of the present disclosure is 
defined by the appended claims and their equivalents. 
0042. It should be noted that references to an “an”, “one'. 
or “various' embodiments in this disclosure are not necessar 
ily to the same embodiment, and Such references contemplate 
more than one embodiment. 
0043 FIG. 1 is a diagram illustrating an example of a 
medical device system 100 that can be used in connection 
with transmitting data from an implanted device 110 to an 
adjunct device 160. In an example, the adjunct device 160 is 
an external device. FIG. 1 illustrates a body 102 with a heart 
105. System 100 typically includes the implantable medical 
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device 110, a lead system 108, the adjunct device or system 
160, and a wireless telemetry link 170. Data can be trans 
ferred from the device 110 to the adjunct system 160 via the 
telemetry link 170. As illustrated in FIG. 2, the adjunct device 
160 may include a processor 161, a telemetry circuit 162, a 
memory circuit 164, a timing circuit 166, an external sensor 
168, and a database 169. The telemetered data may be stored 
in a memory 164, and may then be used for analysis and 
interpretation either immediately or at a later time. 
0044 FIG. 2 illustrates an example of the implantable 
medical device 110. The medical device 110 includes a con 
troller circuit 205. A cardiac impedance sensing circuit 210 is 
connected to the controller circuit 205. In an example, the 
cardiac impedance sensing circuit 210 is configured to detect 
a cardiac impedance signal from a heart. The controller cir 
cuit 205 is further connected to a transform circuit 215. The 
transform circuit 215 may be configured to generate, for 
example, one or more of a derivative waveform, a filtered 
waveform, oran integrated waveform of a cardiac impedance 
signal sensed by the cardiac impedance sensing circuit 210. 
This transformation may be implemented with, for example, 
a differentiator, a filter (e.g., linear, high pass, low pass, band 
pass), a derivative circuit, oran integrator circuit. An acoustic 
sensor 220 is connected to the controller circuit 205. The 
acoustic sensor 220 may be configured to sense an acoustic 
signal, and in particular, an acoustic signal generated by a 
contracting heart. The acoustic sensor 220 may be one or 
more of several different types of sensors including a micro 
phone, an accelerometer, and a transducer. A heart Sound 
detector circuit 225 is connected to the controller circuit 205. 
The heart sound detector circuit 225 is primarily configured 
to detect a heart Sound signal in the acoustic signal from the 
acoustic sensor 220. Also coupled to the controller circuit 205 
is a timing circuit 230. The timing circuit 230 is configured to 
calculate a time interval. Such as between a point on a heart 
sound signal detected by the heart sound detector circuit 225, 
and a point on the cardiac impedance signal or a point on the 
transformed signal of the cardiac impedance signal. A telem 
etry circuit 235 is connected to the control circuit 205. The 
telemetry circuit 235 can transmit data from the implantable 
medical device 110 to an adjunct system, Such as the adjunct 
system 160 in FIG.1. Such transmitted data may include heart 
Sound and other acoustic data, cardiac depolarization data, 
cardiac impedance data, or transformed signals of the cardiac 
impedance data. The implantable device 110 may also 
include an electrical delivery circuit 250, a drug dispensing 
circuit 255, or a neural stimulation circuit 260. 
0045. The implantable medical device 110 may further 
include a cardiac sensing circuit 240. The cardiac sensing 
circuit 240 is coupled to the controller circuit 205, and may be 
configured to detect a cardiac signal generated by a heart. In 
an example, the implantable medical device 110 may further 
include an ensemble averaging circuit 245 connected to the 
controller circuit 205. The ensemble averaging circuit 245 
may be configured to generate an ensemble average for any 
electrical, acoustic, or other signals generated by the body in 
which the device 110 is implanted, such as cardiac depolar 
ization signals, cardiac impedance signals, head Sound sig 
nals, or transformed signals of the cardiac impedance signals. 
An ensemble average for a buffer of heart sound signal data or 
other signal data may be generated, such as by a simple 
Summation of the acoustic sensor 220 outputs taken at a 
specified time relative to a reference point such as a V-event 
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marker. In an example, the ensemble average is of the ampli 
tudes of the heart sound signal. 
0046 FIGS. 3A, 3B, 3C, and 3D illustrate examples of a 
cardiac signal 310, a cardiac impedance signal 320, a first 
derivative 330 of the cardiac impedance signal 320, and a 
heart sound signal 340 respectively. The cardiac signal 310 
includes a P wave 311, a Q wave 312, an R wave 313, an S 
wave 314, and a T wave 315. The cardiac impedance signal 
can include, within a particular cardiac cycle, an absolute 
maximum, an absolute minimum, local minimums, local 
maximums, and other identifiable points and slopes (which 
may correspond to other points of other signals such as a 
cardiac signal or a first derivative of a cardiac impedance 
signal). In this example, the first derivative 330 includes a first 
Zero crossing at 331, a cardiac cycle maximum at 332, a 
cardiac cycle minimum at 333, a local maximum and a local 
minimum at 334 and 335 respectively, and another local 
maximum at 336. The heart sound signal 340 includes the S1 
heart sound 341, the S2 head sound 342, the S3 heart sound 
343, and the S4 heart sound 344. FIGS. 3A 3D are illustrated 
Such that a point on one of the signal traces at a certain 
horizontal position represents the same real time as a point on 
another one of the FIG. 3A, 3B, 3C, or 3D graphs at the same 
horizontal position. However, while a particular horizontal 
position on one graph represents the same time as the same 
horizontal position on another graph, the position of particu 
lar features of each graph may change from cardiac cycle to 
cardiac cycle. For example, the horizontal position of the Q 
wave 312 may change in relation to the maximum 332 of the 
first derivative 330. These changes represent time interval 
changes. 
0047. The cardiac impedance signal and the transformed 
signal of the cardiac impedance signal may also relate to 
certain identifiable physiological events. For example, in the 
first derivative of the cardiac impedance signal illustrated in 
FIG. 3C, 331 is indicative of an aortic valve opening, 332 is 
indicative of a maximum systolic blood flow, 333 is indicative 
of an aortic valve closure, 334/335 is indicative of a pulmo 
nary valve closure, and 336 is indicative of a mitral valve 
opening. 
0048. The timing relationship of the signals in FIGS. 
3A-3D permit a comparison of the time relationship of any 
point on one of the signals, e.g., the S4 heart Sound signal 344 
on the heart Sound signal 340, and any point on another signal 
or transformed signal, e.g., the first Zero crossing 331 on the 
first derivative 330. For example, the timing circuit 230, in 
conjunction with the heart sound detector circuit 225 and the 
first derivative circuit 215, may be configured to calculate any 
time interval between the first derivative 330 and the heart 
Sound signal 340. As another example, timing circuit 230 may 
calculate the time interval between a point on the cardiac 
impedance signal 320 and a point on the heart Sound signal 
340. As yet another example, the timing circuit 230 may 
calculate the time interval between a point on the heart sound 
signal 340 and another other signal transformation of the 
cardiac impedance signal 320. 
0049. For example, the timing circuit 230 may be config 
ured to calculate a left ventricular ejection time (LVET) time 
interval between a point on the heart sound signal 340 and a 
point on the first derivative 330. The calculation of the LVET 
uses a point on the heart sound signal representing the S1 
heart sound 341, and a point on the first derivative represent 
ing an absolute minimum 333 within a particular cardiac 
cycle. Similarly, an LVET may be calculated using a point on 

Jul. 24, 2014 

the heart Sound signal representing the S1 heart sound 341, 
and a point on a transformed cardiac impedance signal indica 
tive of an aortic valve closure within a cardiac cycle. 
0050. Similarly, the timing circuit 230 may be configured 
to calculate a time interval between a point on the heart Sound 
signal 340 and a point on the first derivative 330. The calcu 
lation of this time interval may use a point on the heart Sound 
signal representing the S4 heart Sound 344, and a point on the 
first derivative representing a first zero crossing 331 within a 
cardiac cycle. Similarly, the calculation of this time interval 
may use a point on the heart Sound signal representing the S4 
heart Sound 344, and a point on a transformed cardiac imped 
ance signal indicative of an aortic valve opening within a 
cardiac cycle. 
0051. Any time interval between any two points on one or 
more of the cardiac signal 310, the cardiac impedance signal 
320, the first derivative signal 330, the heart sound signal 340, 
and a transformed cardiac impedance signal may be calcu 
lated. For example, the timing circuit 230 may be configured 
to calculate a time interval between a point on the heart Sound 
signal 340 representing an S4 heart Sound 344, and a point on 
the first derivative representing an absolute maximum 332 
within a particular cardiac cycle. The timing circuit 230 may 
also be configured to calculate a time interval between a point 
on the heart sound signal 340 representing an S4 heart Sound 
344, and a point on a transformed cardiac impedance signal 
indicative of an aortic valve opening within a cardiac cycle. 
As another example, the timing circuit 230 may be configured 
to calculate a time interval between a point on the heart sound 
signal 340 representing an S2 heart sound 342, and any one of 
the following points on the first derivative signal 330 an 
absolute maximum 332 within a cardiac cycle, a first zero 
crossing 331 within a cardiac cycle, a local maximum 334 or 
a local minimum 335 after an absolute minimum 333 within 
a cardiac cycle, an absolute minimum 333 within a cardiac 
cycle, or a local maximum 336 above a Zero crossing 337 after 
an absolute minimum 333 within a cardiac cycle. The timing 
circuit 230 may also be configured to calculate a time interval 
between a point on the heart sound signal 340 representing an 
S2 heart sound 342, and any one of the following points on 
another transformed signal of a cardiac impedance signal—a 
point indicative of a maximum systolic blood flow within a 
cardiac cycle, an aortic valve opening within a cardiac cycle, 
a pulmonary valve closure within a cardiac cycle, an aortic 
valve closure within a cardiac cycle, or mitral valve opening 
within a cardiac cycle. Also, as another example, the timing 
circuit 230 may be configured to calculate the time interval 
between a point on the heart sound signal 340 representing an 
S1 heart sound 341, and any one of the following points on the 
first derivative signal 330—a first zero crossing 331 within a 
cardiac cycle, a local minimum 335 or a local maximum 334 
after an absolute minimum 333 within a cardiac cycle, or a 
local maximum 336 above a zero crossing 337 after an abso 
lute minimum 333 within a cardiac cycle. The timing circuit 
230 may also be configured to calculate the time interval 
between a point on the heart sound signal 340 representing an 
S1 head sound 341, and any one of the following points on a 
transformed cardiac impedance signal—a point indicative of 
an aortic valve opening within a cardiac cycle, a pulmonary 
valve closure within a cardiac cycle, or a mitral valve opening 
within a cardiac cycle. As yet another example, the timing 
circuit 230 may be configured to calculate a time interval 
between a point on the heart Sound signal.340 representing an 
S3 heart sound 343, and any one of the following points on the 
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first derivative signal 330—an absolute minimum 333 within 
a cardiac cycle, a local maximum 334 or a local minimum. 
335 after an absolute minimum 333 within a cardiac cycle, or 
a local maximum 336 above a zero crossing 337 after an 
absolute minimum 333 within a cardiac cycle. The timing 
circuit 230 may be configured to calculate a time interval 
between a point on the heart sound signal 340 representing an 
S3 heart sound 343, and any one of the following points on a 
transformed cardiac impedance signal—a point representing 
an aortic valve closure within a cardiac cycle, a pulmonary 
valve closure within a cardiac cycle, or a mitral valve opening 
within a cardiac cycle. These are just examples of some of the 
intervals that may be analyzed between a head sound signal 
340 and a first derivative 330 or other transformed signal of a 
cardiac impedance signal 320. 
0052. The information and data that may be obtained from 
the calculation of these time intervals may be used for many 
purposes. For example, the timing circuit 230 may be config 
ured to calculate one or more of these time intervals over 
multiple cardiac cycles, and further configured to then use the 
data from these multiple cardiac cycles to identify an episode 
of heart failure decompensation as a function of one or more 
changes in the time interval over the multiple cardiac cycles. 
For example, if the left ventricular ejection time (LVET) is 
decreasing over multiple cardiac cycles, then this may indi 
cate that the left ventricle is pumping less blood for each 
systolic contraction, indicating that the patient’s heart condi 
tion is worsening. As another example, if the pre-ejection 
period (PEP or pre-ejection time) is increasing over multiple 
cardiac cycles, then that may indicate that contraction of the 
heart is taking longer, thereby taking more time to build up 
pressure in the heart chambers, which can result in less blood 
in the left ventricle to be pumped to the body during systole. 
In this example, PEP may be defined as the interval from the 
start of electrical left ventricle depolarization to the onset of 
aortic ejection in early Systole. This interval can be approxi 
mated by the time difference between a point on the QRS 
complex (such as the R-wave or a pacing spike) and a point on 
the transformed impedance cardiogram that corresponds to 
an onset of aortic flow, such as 331 in FIG.3C. Similarly, PEP 
can also be estimated using the heart Sounds waveform by 
using a point in the S1 waveform complex that corresponds to 
an aortic opening. 
0053 A ratio of the LVET and PEP intervals can be used to 
estimate left ventricle stroke Volume and cardiac output. In a 
patient with progressively worsening heart failure, as alluded 
to above, the LVET decreases and the PEP increases. There 
fore, relative increases in a patient’s PEP/LVET ratio can be 
used to alert health care providers of potentially diminished 
cardiac output. Furthermore, a calibrated PEP/LVET ratio 
can be used as an instantaneous estimate of a patient’s cardiac 
output or stroke Volume. 
0054 As it relates to one or more examples in this disclo 
Sure, heart failure decompensation further includes thoracic 
fluid accumulation and pulmonary edema. One or more 
examples in this disclosure can heart failure disease status, 
progression, and the onset of heart failure decompensation 
which may lead to hospitalization. However, an early alert to 
the onset of decompensation by one or more of the examples 
of this disclosure may lead to therapeutic interventions which 
may prevent the hospitalization or reduce its duration. An 
example of a therapeutic intervention may involve an 
implantable drug delivery system such as drug dispensing 
circuit 255. 
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0055. In general, any time interval between any points on 
one or more of the cardiac signal 310, the cardiac impedance 
signal 320, the first derivative signal 330, the heart sound 
signal 340, and a transformation of the cardiac impedance 
signal 320 may be analyzed over multiple cardiac cycles to 
determine if that interval is increasing or decreasing over 
time. A study may be performed among a population to deter 
mine the relationship between any particular time intervaland 
the progression or regression of the patient’s heart condition. 
After such a relationship is identified, then that relationship 
may be applied to other individuals, such as to identify a 
progression or regression of an individual patient's heart con 
dition based on that particular time interval. 
0056. In certain examples, more complex analyses of heart 
Sound data and cardiac depolarization data may be imple 
mented, such as where the implantable device 110 includes a 
cardiac sensing circuit 240, an ensemble averaging circuit 
245, and a telemetry circuit 235, and further where an adjunct 
or external system 160 includes a memory circuit 164 and a 
timing circuit 166. For example, an ensemble average may be 
calculated for a plurality of cardiac signals and a plurality of 
heart Sound signals. The calculation of an ensemble average, 
among other things, performs signal conditioning by remov 
ing noise from the cardiac and heart sound signals, and can 
further perform compression. 
0057 The timing circuit 166 of the external device 160 
may be configured to calculate a time interval between a point 
on the ensemble averaged cardiac depolarization signal and a 
point on the ensemble averaged heart sound signal. The tim 
ing circuit 166 could further be configured to calculate a time 
interval between a first point on the ensemble averaged heart 
Sound signal and a second point on the ensemble averaged 
heart sound signal. For example, the point on the ensemble 
averaged cardiac signal may represent a portion of an R wave, 
and the point on the ensemble averaged heart sound signal 
may represent a portion of one of an S1, S2, S3, or S4 heart 
Sound. For example, the first point on the ensemble averaged 
heart sound signal may represent an S1 heart sound and the 
second point on the ensemble averaged heart Sound signal 
may represent an S2 heart Sound. 
0058. The memory 164 in the external device 160 and/or 
the database 169 may include a patient medication history, a 
disease history, a hospitalization history, and/or population 
statistics. The processor 161 of the external device may then 
be configured to use this data in analyzing an individuals 
data. The processor 161 may further be configured to com 
pute a trend in any time interval relating to this data. The 
external device 160 may further be communicatively coupled 
to one or more external sensors 168. These external sensors 
may collect physiological data from the patient (e.g., blood 
pressure). The external device may then set one or more 
patient thresholds as a function of data received from the one 
or more external sensors. 

0059 Based on the data and/or trend in the cardiac and 
heart sound data, the external device 160 may transmit a 
signal to the implantable device 110. This signal can be used 
to modify the therapy of the device 110. The signal can alter 
the pacing of the electrical delivery circuit 250, alter the level 
of a pharmaceutical dispensed by the drug dispensing circuit 
255, and/or alter the level of stimulation by the neural stimu 
lation circuit 260. The electrical delivery circuit 250 may alter 
pacing pulses delivered to a heart, Such as by altering the 
pacing rate, the pulse width, the pulse amplitude, and other 
features. The location of the heart to which the pulse is deliv 
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ered may also be altered. Similarly, the AV delay or other 
interelectrode delay of the pulses may be altered. As these 
therapies are altered, the device 110 may then collect addi 
tional cardiac and heart Sound data, this data may be teleme 
tered to the external device 160, and the external device may 
re-calculate the cardiac and heart sound intervals to determine 
the effect that the change in therapy had on those intervals. 
0060 FIG. 4 illustrates an example of a process 400 that 
calculates a time interval between a point on a cardiac imped 
ance signal and a heart Sound signal, and a point on a first 
derivative of a cardiac impedance signal and a point on a heart 
Sound signal. In other examples, functions of these signals 
can be used Such as multiple derivatives, filtered signals, and 
other transformations of a cardiac impedance signal. At 405. 
a cardiac impedance signal is measured. At 410, a first deriva 
tive of that cardiac impedance signal is calculated. At 415, a 
heart sound signal is measured. At 417, the time interval 
between a point on a cardiac impedance signal and a point on 
a heart Sound signal is calculated, and at 420, the time interval 
between a point on the first derivative of the cardiac imped 
ance signal and a point on the heart sound signal is calculated. 
0061. As further indicated in FIG. 4, the process 400 may 
use one of several points on the first derivative signal and one 
of several points on the heart Sound signal. For example, at 
425, the calculation of the time interval between a point on the 
first derivative of the cardiac impedance signal and a point on 
the heart Sound signal may include a left ventricular ejection 
time. As further indicated at 427, this left ventricular ejection 
time may be calculated by using a point on the heart Sound 
signal representing an S1 heart Sound, and a point on the first 
derivative representing an absolute minimum within a cardiac 
cycle. Similarly, as indicated at 430, the process 400 may 
calculate a time interval between a point on the first derivative 
of the cardiac impedance signal and a point on the heart Sound 
signal that results in the pre-ejection time. At 432, the pre 
ejection time is calculated, such as by using a point on the 
heart sound signal representing an S4 heart Sound, and a point 
on the first derivative representing a first Zero crossing within 
a cardiac cycle. At 435, the process 400 calculates a time 
interval, such as by using a point on the heart sound signal 
representing an S4 heart Sound, and a point on the first deriva 
tive representing an absolute maximum within a cardiac 
cycle. At 440, the process 400 calculates a time interval, such 
as by using a point on the heart sound signal representing an 
S2 heart sound, and a point on the first derivative representing 
one of an absolute maximum within a cardiac cycle, a first 
Zero crossing within a cardiac cycle, a local maximum or a 
local minimum after an absolute minimum within a cardiac 
cycle, an absolute minimum within a cardiac cycle, or a local 
maximum above a Zero crossing after an absolute minimum 
within a cardiac cycle. At 445, the process 400 calculates a 
time interval. Such as by using a point on the heart Sound 
signal representing an S1 heart Sound, and a point on the first 
derivative representing one of a first Zero crossing within a 
cardiac cycle, a local minimum or a local maximum after an 
absolute minimum within a cardiac cycle, or a local maxi 
mum above a Zero crossing after an absolute minimum within 
a cardiac cycle. This time may be used to approximate the 
isovolumic contraction time (IVCT). At 450, the process 400 
calculates a time interval. Such as by using a point on the heart 
Sound signal representing an S3 heart sound, and a point on 
the first derivative representing one of an absolute minimum 
within a cardiac cycle, a local maximum or a local minimum 
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after an absolute minimum within a cardiac cycle, or a local 
maximum above a Zero crossing after an absolute minimum 
within a cardiac cycle. 
0062. At 460, the process 400 calculates a time interval, 
such as one or more of the above disclosed time intervals, over 
multiple cardiac cycles, and identifies a decompensation or 
other condition as a function of a change in the time interval 
over the multiple cardiac cycles. 
0063. In another example process includes the steps of 
measuring a cardiac impedance signal with an implantable 
medical device, measuring a cardiac electrical signal with the 
implantable medical device (the cardiac electrical signal 
including an R-wave), measuring a heart Sound signal with 
the implantable medical device (the heart Sound signal 
including an S2 heart Sound), transforming the cardiac 
impedance signal into a transformed signal (the transformed 
signal including a portion indicative of an aortic opening), 
estimating a pre-ejection time by calculating an interval 
between the R-wave on the cardiac electrical signal and the 
aortic opening on the transformed cardiac impedance signal, 
and estimating a left ventricular ejection time by calculating 
an interval between the S2 heart sound on the heart sound 
signal and the aortic opening on the transformed cardiac 
impedance signal. The process may further include calculat 
ing a ratio of the pre-ejection time and the left ventricular 
ejection time. In this process, the transformation of the car 
diac impedance signal can include one or more of differen 
tiation, a filtering, a derivation, and an integration. 
0064. In the above detailed description of embodiments of 
the disclosure, various features are grouped together in one or 
more embodiments for streamlining the disclosure. This is 
not to be interpreted as reflecting an intention that the claimed 
embodiments of the invention require more features than are 
expressly recited in each claim. Rather, as the following 
claims reflect, inventive subject matter lies in less than all 
features of a single disclosed embodiment. Thus the follow 
ing claims are hereby incorporated into the detailed descrip 
tion of embodiments, with each claim standing on its own as 
a separate embodiment. It is understood that the above 
description is intended to be illustrative, and not restrictive. It 
is intended to coverall alternatives, modifications and equiva 
lents as may be included within the scope of the disclosure as 
defined in the appended claims. Many other embodiments 
will be apparent to those of skill in the art upon reviewing the 
above description. The scope of the invention should, there 
fore, be determined with reference to the appended claims, 
along with the full scope of equivalents to which Such claims 
are entitled. In the appended claims, the terms “including 
and “in which are used as the plain-English equivalents of 
the respective terms “comprising and “wherein.” respec 
tively. Moreover, the terms “first,” “second, and “third, etc., 
are used merely as labels, and are not intended to impose 
numerical requirements on their objects. 
0065. As used in this disclosure, the term “circuit is 
broadly meant to refer to hardware, software, and a combi 
nation of hardware and software. That is, a particular function 
may be implemented in specialized circuits, in Software 
executing on general processor circuits, and/or a combination 
of specialized circuits, generalized circuits, and software. 
0066. The abstract is provided to comply with 37 C.F.R. 
1.72(b) to allow a reader to quickly ascertain the nature and 
gist of the technical disclosure. The Abstract is submitted 
with the understanding that it will not be used to interpret or 
limit the scope or meaning of the claims. 
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1. (canceled) 
2. A processor-readable medium, comprising instructions 

that, when performed by a processor circuit, cause the pro 
cessor circuit to: 

obtain information indicative of a cardiac depolarization 
signal; 

obtain information indicative of an acoustic signal from an 
implantable acoustic sensor included as a portion of an 
implantable therapy device: 

identify a feature indicative of an R wave from the infor 
mation indicative of the cardiac depolarization signal; 

identify a feature indicative of an S2 heart sound from the 
information indicative of the acoustic signal; 

determine a time interval between an instant corresponding 
to the feature indicative of the R wave and an instant 
corresponding to the feature indicative of the S2 heart 
Sound; and 

using information about the determined time interval, pro 
vide an adjusted pacing therapy parameter for a pacing 
therapy to be provided by the implantable therapy 
device. 

3. The processor-readable medium of claim 2, wherein the 
pacing therapy parameter includes an atrioventricular pacing 
delay (AVD) value. 

4. The processor-readable medium of claim 2, wherein the 
instructions include instructions that cause the processor cir 
cuit to: 

obtain information indicative of the cardiac depolarization 
signal after adjustment of the pacing therapy parameter; 

obtain information indicative of the acoustic signal after 
adjustment of the pacing therapy parameter, and 

determine an updated time interval between an instant 
corresponding to the feature indicative of the Rwave and 
the second instant corresponding to the feature indica 
tive of the S2 heart sound, after adjustment of the pacing 
therapy parameter. 

5. The processor-readable medium of claim 4, wherein the 
instructions include instructions that cause the processor cir 
cuit to compare the updated time interval to a prior-deter 
mined time interval to determine whether the updated time 
interval has increased or decreased with respect to the prior 
determined time interval. 

6. The processor-readable medium of claim 4, wherein the 
instructions include instructions that cause the processor cir 
cuit to: 

determine multiple updated R-wave-to-S2-heart-sound 
time intervals corresponding to respective cardiac 
cycles; and 

determine whether the updated R-wave-to-S2-heart-sound 
time intervals are increasing or decreasing with respect 
to a prior-determined time interval. 

7. The processor-readable medium of claim 6, wherein the 
instructions include instructions that cause the processor cir 
cuit to adjust the pacing therapy parameter to assess a range of 
pacing therapy parameter values over a duration including the 
respective cardiac cycles. 

8. The processor-readable medium of claim 6, wherein the 
instructions to obtain the information indicative of the cardiac 
depolarization signal include instructions that cause the pro 
cessor circuit to: 

obtain information indicative of the cardiac depolarization 
signal over multiple cardiac cycles; and 
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generate an ensemble average of the obtained information 
indicative the cardiac depolarization over the multiple 
cardiac cycles; and 

wherein the instructions to identify the feature indicative of 
the R wave from the information indicative of the car 
diac depolarization signal include instructions to iden 
tify the feature indicative of the R wave in the ensemble 
average. 

9. The processor-readable medium of claim 6, wherein the 
instructions to obtain the information indicative of the acous 
tic signal include instructions that cause the processor circuit 
tO: 

obtain information indicative of the acoustic signal over 
multiple cardiac cycles; and 

generate an ensemble average of the obtained information 
indicative the acoustic signal over the multiple cardiac 
cycles; and 

wherein the instructions to identify the feature indicative of 
an S2 heart sound from the information indicative of the 
acoustic signal include instructions to identify the fea 
ture indicative the S2 heart sound in the ensemble aver 
age. 

10. The processor-readable medium of claim 2, wherein 
the processor circuit is located in an assembly external to a 
patient. 

11. The processor-readable medium of claim 10, wherein 
the instructions include instructions that cause the processor 
circuit to transmit the adjusted pacing therapy parameter for 
the pacing therapy to the implantable therapy device. 

12. The processor-readable medium of claim 2, wherein 
the instructions include instructions that cause the processor 
circuit to determine an amplitude of information obtained 
from the acoustic sensor. 

13. The processor-readable medium of claim 12, wherein 
the instructions include instructions that cause the processor 
circuit to: 

identify a feature indicative of an S1 heart sound in the 
obtained information indicative the acoustic signal; and 

determine an amplitude of the obtained information indica 
tive of the S1 heart sound corresponding to the identified 
feature indicative of the S1 heart sound. 

14. The processor-readable medium of claim 13, wherein 
the instructions to obtain the information indicative of the 
acoustic signal include instructions that cause the processor 
circuit to: 

obtain information indicative of the acoustic signal over 
multiple cardiac cycles; and 

generate an ensemble average of the obtained information 
indicative the acoustic signal over the multiple cardiac 
cycles; and 

wherein the instructions to identify the feature indicative of 
an S1 heart sound in the obtained information include 
instructions to identify the feature indicative the S1 heart 
Sound in the ensemble average. 

15. A system, comprising: 
a cardiac depolarization sensor circuit configured to obtain 

information indicative of a cardiac depolarization sig 
nal; 

an acoustic sensor configured to obtain information indica 
tive of an acoustic signal; and 

a processor circuit communicatively coupled to the cardiac 
depolarization sensor circuit and the acoustic sensor, the 
processor circuit configured to: 
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identify a feature indicative of an R wave from the infor 
mation indicative of the cardiac depolarization signal; 

identify a feature indicative of an S2 heart sound from 
the information indicative of the acoustic signal; 

determine a time interval between an instant corre 
sponding to the feature indicative of the R wave and 
an instant corresponding to the feature indicative of 
the S2 heart sound; and 

using information about the determined time interval, 
provide using an external telemetry circuit an 
adjusted pacing therapy parameter for a pacing 
therapy to be provided by the implantable therapy 
device. 

16. The system of claim 15, comprising: 
the implantable therapy device; and 
an external assembly comprising the processor circuit; 
wherein the implantable therapy device comprises an 

ensemble averaging circuit and an implantable telem 
etry circuit; 

wherein the cardiac depolarization sensor circuit is 
included as a portion of the implantable therapy device; 

wherein the cardiac depolarization sensor is coupled to the 
ensemble averaging circuit configured to generate an 
ensemble average of the obtained information indicative 
of the acoustic signal over multiple cardiac cycles; and 

wherein the implantable telemetry circuit is coupled to the 
ensemble averaging circuit and configured to transmit 
the ensemble average of the information indicative of 
the acoustic signal to the external assembly. 

17. The system of claim 15, comprising the implantable 
therapy device including a pacing therapy circuit; 

wherein the cardiac depolarization sensor circuit and the 
acoustic sensor are implantable and included as a por 
tion of the implantable therapy device. 

18. The system of claim wherein the pacing therapy param 
eter includes an atrioventricular pacing delay (AVD) value. 

19. The system of claim 15, wherein the processor circuit is 
configured to: 

obtain information indicative of the cardiac depolarization 
signal after adjustment of the pacing therapy parameter; 
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obtain information indicative of the acoustic signal after 
adjustment of the pacing therapy parameter; and 

determine an updated time interval between an instant 
corresponding to the feature indicative of the R wave and 
the second instant corresponding to the feature indica 
tive of the S2 heart sound, after adjustment of the pacing 
therapy parameter. 

20. The system of claim 1, wherein the processor circuit is 
configured to determine an amplitude of information 
obtained from the acoustic sensor. 

21. A system, comprising: 
an implantable therapy device including: 

a cardiac depolarization sensor circuit confer red to 
obtain information indicative of a cardiac depolariza 
tion signal; 

an acoustic sensor configured to obtain information 
indicative of an acoustic signal; 

a pacing therapy circuit; and 
an implantable telemetry circuit; and 

an external assembly including: 
an external telemetry circuit; and 
a processor circuit communicatively coupled to the car 

diac depolarization sensor circuit and the acoustic 
sensor using the external telemetry circuit, the pro 
cessor circuit configured to: 
identify a feature indicative of an R wave from the 

information indicative of the cardiac depolariza 
tion signal; 

identify a feature indicative of S2 heart sound from 
the information indicative of the acoustic signal; 

determine a time interval between an instant corre 
sponding to the feature indicative of the R wave and 
an instant corresponding to the feature indicative of 
the S2 heart sound; and 

using information about the determined time interval, 
provide using an external telemetry circuit an 
adjusted pacing therapy parameter for a pacing 
therapy to be provided by the pacing therapy circuit 
of the implantable therapy device. 
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