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Description

[0001] The present invention relates generally to med-
ical devices for treating cardiac dysfunction and more
particularly to a device and method for optimizing cardiac
resynchronization therapy acutely and/or chronically
based on a hemodynamic surrogate measurement for
stroke volume.
[0002] Evaluation of left ventricular function is of inter-
est for both diagnostic and therapeutic applications. Dur-
ing normal cardiac function the cardiac chambers ob-
serve consistent time-dependent relationships during the
systolic (contractile) phase and the diastolic (relaxation)
phase of the cardiac cycle. During cardiac dysfunction
associated with pathological conditions or following car-
diac-related surgical procedures, these time-dependent
mechanical relationships are often altered. This altera-
tion, when combined with the effects of weakened car-
diac muscles, reduces the ability of the ventricle to gen-
erate contractile strength resulting in hemodynamic in-
sufficiency.
[0003] Ventricular dyssynchrony following coronary
artery bypass graft (CABG) surgery is a problem encoun-
tered relatively often, requiring post-operative temporary
pacing. Atrio-biventricular pacing has been found to im-
prove post-operative hemodynamics following such pro-
cedures. See Weisse et al., Thorac. Cardiovasc. Surg.
2002;41:131-135. A widely accepted, standardized
method for selecting pacing sites and pacing intervals
that provide the greatest hemodynamic benefit to the pa-
tient during the critical recovery phase, however, has not
been available.
[0004] Chronic ventricular resynchronization therapy
has been clinically demonstrated to improve indices of
cardiac function in patients suffering from congestive
heart failure. Cardiac pacing may be applied to one or
both ventricles or multiple heart chambers, including one
or both atria, to improve cardiac chamber coordination,
which in turn is thought to improve stroke volume and
pumping efficiency. Clinical follow-up of patients under-
going resynchronization therapy has shown improve-
ments in hemodynamic measures of cardiac function, left
ventricular volumes, and wall motion. See, for example,
Gras D et al., Eur J Heart Fail. 2002;4:311-20; and
Sogaard P et al., J Am Coll Cardiol. 2002;40:723-30.
However, not all patients respond favorably to cardiac
resynchronization therapy. Physicians are challenged in
selecting patients that will benefit and in selecting the
optimal pacing intervals between the atria and ventricles
(A-V intervals) and between the ventricles (V-V intervals),
collectively referred to herein as "A-V-V" intervals, ap-
plied to resynchronize the heart chamber contractions.
[0005] Selection of pacing intervals may be based on
echocardiographic studies performed to determine the
settings resulting in the best hemodynamic response.
Significant hemodynamic changes may not always be
acutely observable in an individual patient using non-in-
vasive monitoring methods. Selection of parameters may

therefore be based on avoidance of altered or impeded
ventricular filling. In the MIRACLE clinical trial conducted
to evaluate resynchronization therapy, the A-V-V inter-
vals were optimized individually in patients by shortening
the A-V interval to maximize LV filling without truncating
the atrial contribution as observed by echocardiography
and to maximize stroke volume. Acute increases in stroke
volume have been related to chronically sustained clini-
cal benefits. In fact, patients acutely optimized based on
stroke volume have exhibited chronic improvements in
sustained stroke volume measures.
[0006] Echocardiographic approaches for optimizing
resynchronization therapy provide only an open-loop
method for selecting pacing intervals. After evaluating
the hemodynamic effect of varying combinations of pac-
ing intervals, a clinician must manually select and pro-
gram the desired parameters. Furthermore, an echocar-
diographic procedure for optimizing resynchronization
therapy can require substantial time and personnel. A
technician is required to program A-V-V timing schemes
while a sonographer interprets the effects on the heart.
A period of hemodynamic stabilization is generally de-
sired prior to evaluating the hemodynamic effects of a
particular timing scheme. However, the time required to
reach hemodynamic stability may be uncertain.
[0007] A closed-loop method for selecting pacing in-
tervals for resynchronization therapy that reduces the
time and personnel required for testing various A-V-V
timing schemes is therefore desirable. A closed-loop
method preferably accounts for a period of hemodynamic
stabilization and optimizes the A-V-V intervals such that
the resultant effect on stroke volume is maximized. Fur-
thermore, a closed-loop method that may be fully imple-
mented in an implantable device would advantageously
allow periodic re-optimization of A-V-V intervals in order
to maintain an optimal hemodynamic benefit chronically.
[0008] Numerous algorithms for optimizing the A-V in-
terval during dual chamber pacing to improve cardiac
function or hemodynamic status have been described
including automatic algorithms based on an implantable
sensor of hemodynamic function. Measurements of im-
pedance to assess cardiac output, intracardiac blood
pressure sensors, acoustical sensors for monitoring
heart sounds, a Doppler ultrasound sensor for monitoring
flow have all been proposed for assessing cardiac func-
tion using an implantable device. Reference is made, for
example, to U.S. Pat. No. 5,334,222 to Salo et al., and
U.S. Pat. No. 6,477,406 issued to Turcott.
[0009] Multichamber pacing systems having automat-
ed selection of pacing intervals have also been proposed.
A four-chamber pacing system that includes impedance
sensing for determining the timing of right heart valve
closure or right ventricular contraction and adjusting the
timing of delivery of left ventricular pace pulses is gen-
erally disclosed in U.S. Pat. No. 6223,082 issued to
Bakels, et al.. Programmable coupling intervals selected
so as to provide optimal hemodynamic benefit to the pa-
tient in an implantable multichamber cardiac stimulation
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device are generally disclosed in U.S. Pat. No. 6,473,645
issued to Levine. Improvement in cardiac function is
based on a generic physiological sensor. Such automat-
ed systems have not been put to clinical use to date.
[0010] A need remains, therefore, for a practical meth-
od for automatically assessing the hemodynamic re-
sponse to different A-V-V timing schemes during cardiac
resynchronization therapy and identifying optimal A-V-V
timing schemes, both acutely and chronically.
[0011] The present invention is directed toward pro-
viding a closed-loop method for determining optimal car-
diac resynchronization pacing intervals based on a sur-
rogate measurement for stroke volume. The present in-
vention is realized in a cardiac resynchronization system
that includes an implantable multi-chamber pulse gener-
ator and associated lead system for sensing and pacing
in two, three, or all four heart chambers. The system fur-
ther includes a pressure sensor positioned for the detec-
tion of arterial blood pressure, or an alternative sensor
for detecting a signal directly correlated to arterial blood
pressure. Arterial pressure signal processing is per-
formed to derive one or more signal characteristics as a
surrogate for stroke volume. Characteristics include, but
are not limited to, maximum pulse pressure, maximum
dP/dt, mean pressure, and/or a time interval correspond-
ing to systolic ejection time. For the purposes of the
present invention, arterial pressure or pressure correlate
is measured after the aortic valve, either in the aorta, or
along an arterial branch such as the radial artery.
[0012] The present invention provides a method for
acutely optimizing cardiac resynchronization pacing in-
tervals based on a stroke volume surrogate derived from
the arterial pressure signal or correlate thereof. In this
embodiment, arterial pressure may be measured inva-
sively by cannulating an artery, such as the radial artery,
and placing a temporary pressure catheter. Non-invasive
methods for reliably estimating arterial pressure, for ex-
ample using a tonometer, phonocardiogram, or other
methods, may be substituted for invasive pressure meas-
urement methods. An automated iterative optimization
procedure is executed by an external device or "program-
mer" in telemetric communication with the implanted mul-
ti-chamber pacemaker. The external device receives,
processes and stores the arterial pressure data via a sen-
sor interface. One or more stroke volume surrogates are
determined and stored for each of a set of A-V-V timing
schemes. The A-V-V timing scheme producing the great-
est stroke volume as determined by the surrogate meas-
urement(s) is automatically programmed as the operat-
ing A-V-V intervals for chronic resynchronization therapy.
[0013] The present invention further provides a meth-
od for chronically maintaining optimal pacing intervals.
In this embodiment, an implantable sensor is placed for
monitoring aortic or arterial pressure, which sensor may
be a pressure sensor placed intra-arterially for direct
pressure measurement or a sensor placed extravascu-
larly for measurement of an arterial pressure correlate
such as arterial wall distension or flow. The implanted

multi-chamber pacemaker performs an automated iter-
ative optimization procedure during which the arterial
pressure signal or pressure correlate is processed to de-
termine a stroke volume surrogate during a number of
different A-V-V timing schemes. The A-V-V timing
scheme producing maximum stroke volume based on
the surrogate measurement(s) is automatically pro-
grammed as the operating A-V-V intervals. The automat-
ed optimization procedure is repeated on a periodic or
triggered basis such that the operating A-V-V intervals
are periodically updated as necessary to maintain max-
imal hemodynamic benefit.
[0014] The present invention thus provides a method
and apparatus for performing acute cardiac resynchro-
nization pacing interval optimization in a reduced time
with fewer personnel required. The present invention fur-
ther provides a method and apparatus for maintaining
optimal A-V-V interval settings chronically by maximizing
stroke volume. The methods disclosed herein are ex-
pected to improve patient benefit from cardiac resynchro-
nization therapy by ensuring the greatest hemodynamic
response acutely and chronically.

Figure 1 depicts an implantable, multi-chamber car-
diac pacemaker in communication with a patient’s
heart by way of three leads.
Figure 2 is a schematic block diagram of the exem-
plary multi-chamber pacemaker of Figure 1 that pro-
vides delivery of cardiac resynchronization therapy
and is capable of processing physiological signal in-
put.
Figure 3 is a schematic block diagram of an alterna-
tive embodiment of multi-chamber pacemaker that
includes an implantable sensor for monitoring arte-
rial pressure.
Figure 4 is a set of graphs showing a representative
aortic pressure curve, AoP (top); the first time deriv-
ative of aortic pressure, dP/dt, (middle); and aortic
flow (bottom) during a single cardiac cycle.
Figure 5 is a flow chart summarizing the steps in-
cluded in a method for optimizing cardiac resynchro-
nization therapy.
Figure 6 is a flow chart summarizing a method for
maintaining optimal A-V-V intervals chronically.

[0015] As indicated above, the present invention pro-
vides a method for optimizing cardiac resynchronization
therapy (CRT). Optimal CRT pacing intervals, which can
include a right and/or left atrial-ventricular (A-V) interval
and an interventricular (V-V) interval, collectively referred
to herein as "A-V-V intervals", are selected based on a
surrogate measure of stroke volume. Methods included
in the present invention may be implemented in an ex-
ternal device or "programmer" that is in telemetric com-
munication with an implanted multi-chamber pacemaker
for acute optimization procedures performed in associa-
tion with an external pressure measurement device.
Methods included in the present invention may addition-
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ally or alternatively be implemented in the implantable
multi-chamber pacemaker for chronic optimization pro-
cedures performed in association with an implantable
sensor of aortic or arterial pressure or a correlate thereof.
[0016] Figure 1 depicts an implantable, multi-chamber
cardiac pacemaker 14 in communication with a patient’s
heart 10 by way of three leads 16, 32 and 52. The heart
10 is shown in a partially cut-away view illustrating the
upper heart chambers, the right atrium (RA) and left atri-
um (LA), and the lower heart chambers, the right ventricle
(RV) and left ventricle (LV), and the coronary sinus (CS)
extending from the opening in the right atrium laterally
around the atria to form the great cardiac vein 48, which
branches to form inferior cardiac veins. The pacemaker
14, also referred to herein as the "implantable pulse gen-
erator" or "IPG," is implanted subcutaneously in a pa-
tient’s body between the skin and the ribs. Three endo-
cardial leads 16, 32 and 52 connect the IPG 14 with the
RA, the RV and the LV, respectively. Each lead has at
least one electrical conductor and pace/sense electrode.
A remote indifferent can electrode 20 is formed as part
of the outer surface of the housing of the IPG 14. The
pace/sense electrodes and the remote indifferent can
electrode 20 can be selectively employed to provide a
number of unipolar and bipolar pace/sense electrode
combinations for pacing and sensing functions. The de-
picted positions of leads 16, 32 and 52 and associated
electrodes in or about the right and left heart chambers
are merely exemplary. Moreover other leads and pace/
sense electrodes that are adapted to be placed at elec-
trode sites on or in or relative to the RA, LA, RV and LV
may be used instead of the depicted leads and pace/
sense electrodes.
[0017] The depicted bipolar endocardial RA lead 16 is
passed through a vein into the RA chamber of the heart
10, and the distal end of the RA lead 16 is attached to
the RA wall by an attachment mechanism 17. The bipolar
endocardial RA lead 16 is formed with an in-line connec-
tor 13 fitting into a bipolar bore of IPG connector block
12 that is coupled to a pair of electrically insulated con-
ductors within lead body 15 and connected with distal tip
RA pace/sense electrode 19 and proximal ring RA pace/
sense electrode 21 provided for achieving RA pacing and
sensing of RA electrogram (EGM) signals.
[0018] Bipolar, endocardial RV lead 32 is passed
through the RA into the RV where its distal ring and tip
RV pace/sense electrodes 38 and 40 are fixed in place
in the apex by a conventional distal attachment mecha-
nism 41. The RV lead 32 is formed with an in-line con-
nector 34 fitting into a bipolar bore of IPG connector block
12 that is coupled to a pair of electrically insulated con-
ductors within lead body 36 and connected with distal tip
RV pace/sense electrode 40 and proximal ring RV pace/
sense electrode 38 provided for RV pacing and sensing
of RV EGM signals.
[0019] In this illustrated embodiment, a unipolar, en-
docardial LV CS lead 52 is passed through the RA, into
the CS and further into a cardiac vein to extend the distal

LV CS pace/sense electrode 50 alongside the LV cham-
ber to achieve LV pacing and sensing of LV EGM signals.
The LV CS lead 52 is coupled at the proximal end con-
nector 54 fitting into a bore of IPG connector block 12. A
small diameter unipolar lead body 56 is selected in order
to lodge the distal LV CS pace/sense electrode 50 deeply
in a vein branching from the great vein 48.
[0020] In a four chamber embodiment, LV CS lead 52
could bear a proximal LA CS pace/sense electrode po-
sitioned along the lead body to lie in the larger diameter
coronary sinus adjacent the LA for use in pacing the LA
or sensing LA EGM signals. In that case, the lead body
56 would encase an insulated lead conductors extending
proximally from the more proximal LA CS pace/sense
electrode(s) and terminating in a bipolar connector 54.
[0021] Figure 2 is a schematic block diagram of the
exemplary multi-chamber IPG 14 of Figure 1 that pro-
vides delivery of cardiac resynchronization therapy and
is capable of processing physiological signal input. The
IPG 14 is preferably a microprocessor-based device. Ac-
cordingly, microprocessor-based control and timing sys-
tem 102, which varies in sophistication and complexity
depending upon the type and functional features incor-
porated therein, controls the functions of IPG 14 by ex-
ecuting firmware and programmed software algorithms
stored in associated RAM and ROM. Control and timing
system 102 may also include a watchdog circuit, a DMA
controller, a block mover/reader, a CRC calculator, and
other specific logic circuitry coupled together by on-chip
data bus, address bus, power, clock, and control signal
lines in paths or trees in a manner known in the art. It will
also be understood that control and timing functions of
IPG 14 can be accomplished with dedicated circuit hard-
ware or state machine logic rather than a programmed
microcomputer.
[0022] The IPG 14 includes interface circuitry 104 for
receiving signals from sensors and pace/sense elec-
trodes located at specific sites of the patient’s heart
chambers and delivering cardiac pacing to control the
patient’s heart rhythm and resynchronize heart chamber
activation. The interface circuitry 104 therefore includes
a therapy delivery system 106 intended for delivering car-
diac pacing impulses under the control of control and
timing system 102. Physiologic input signal processing
circuit 108 is provided for receiving cardiac electrogram
(EGM) signals for determining a patient’s heart rhythm.
Physiologic input signal processing circuit 108 may ad-
ditionally receive other physiologic sensor signals, such
as a blood pressure signal or correlate thereof as will be
further described in conjunction with Figure 3, and pro-
vides physiological signal data to control and timing sys-
tem 102 for signal processing and analysis. For purposes
of illustration of the possible uses of the invention, a set
of lead connections are depicted for making electrical
connections between the therapy delivery system 106
and the input signal processing circuit 108 and sets of
pace/sense electrodes and pressure sensors or other
sensors located in operative relation to the RA, LA, RV
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and LV.
[0023] Control and timing system 102 controls the de-
livery of bi-atrial, biventricular, or multi-chamber cardiac
pacing pulses at selected intervals intended to improve
heart chamber synchrony. The delivery of pacing pulses
by IPG 14 may be provided according to programmable
timing intervals, such as programmable conduction delay
window times as generally disclosed in U.S. Pat. No.
6,070,101 issued to Struble et al., incorporated herein
by reference in its entirety, or programmable coupling
intervals as generally disclosed in above-cited U.S. Pat.
No. 6,473,645 issued to Levine. Selection of the pro-
grammable timing intervals is preferably based on a de-
termination of a stroke volume surrogate as will be de-
scribed herein. Periodic adjustment of timing intervals
may be made automatically or manually based on the
determination of the stroke volume surrogate.
[0024] The therapy delivery system 106 can optionally
be configured to include circuitry for delivering cardiover-
sion/defibrillation therapy in addition to cardiac pacing
pulses for controlling a patient’s heart rhythm. Accord-
ingly, leads in communication with the patient’s heart
could additionally include high-voltage cardioversion or
defibrillation shock electrodes.
[0025] A battery provides a source of electrical energy
to power components and circuitry of IPG 14 and provide
electrical stimulation energy for delivery electrical impuls-
es to the heart. The typical energy source is a high energy
density, low voltage battery 136 coupled with a power
supply/POR circuit 126 having power-on-reset (POR) ca-
pability. The power supply/POR circuit 126 provides one
or more low voltage power Vlo, the POR signal, one or
more VREF sources, current sources, an elective re-
placement indicator (ERI) signal, and, in the case of a
cardioversion/defibrillator capabilities, high voltage pow-
er Vhi to the therapy delivery system 106. Not all of the
conventional interconnections of these voltages and sig-
nals are shown in Figure 2.
[0026] Virtually all current electronic multi-chamber
monitor/sensor circuitry employ clocked CMOS digital
logic ICs that require a clock signal CLK provided by a
piezoelectric crystal 132 and system clock 122 coupled
thereto as well as discrete components, e.g., inductors,
capacitors, transformers, high voltage protection diodes,
and the like that are mounted with the ICs to one or more
substrate or printed circuit board. In Figure 2, each CLK
signal generated by system clock 122 is routed to all ap-
plicable clocked logic via a clock tree. The system clock
122 provides one or more fixed frequency CLK signal
that is independent of the battery voltage over an oper-
ating battery voltage range for system timing and control
functions and in formatting uplink telemetry signal trans-
missions in the telemetry I/O circuit 124.
[0027] The RAM registers included in microprocessor-
based control and timing system 102 may be used for
storing data compiled from sensed EGM signals and/or
relating to device operating history or other sensed phys-
iologic signals for uplink telemetry transmission upon re-

ceipt of a retrieval or interrogation instruction via a down-
link telemetry transmission. Criteria for triggering data
storage can be programmed via downlinked instructions
and parameter values. Physiologic data may be stored
on a triggered or periodic basis or by detection logic within
the physiologic input signal processing circuit 108 upon
satisfaction of certain predetermined event detection cri-
teria. In some cases, the IPG 14 includes a magnetic
field sensitive switch 130 that closes in response to a
magnetic field, and the closure causes a magnetic switch
circuit 120 to issue a switch closed (SC) signal to control
and timing system 102 which responds in a magnet
mode. For example, the patient may be provided with a
magnet 116 that can be applied over the subcutaneously
implanted IPG 14 to close switch 130 and prompt the
control and timing system to deliver a therapy and/or eval-
uate and/or store physiologic episode data when the pa-
tient experiences certain symptoms. In either case, event
related data, e.g., the date and time, may be stored along
with the stored periodically collected or patient initiated
physiologic data for uplink telemetry in a later interroga-
tion session.
[0028] Uplink and downlink telemetry capabilities are
provided to enable communication with either a remotely
located external medical device or a more proximal med-
ical device on or in the patient’s body. Stored EGM, or
other physiological data as well as real-time generated
physiologic data and non-physiologic data can be trans-
mitted by uplink RF telemetry from the IPG 14 to the
external programmer or other remote medical device 26
in response to a downlink telemetered interrogation com-
mand. As such, an antenna 128 is connected to radio
frequency (RF) transceiver circuit 124 for the purposes
of uplink/downlink telemetry operations. Telemetering
both analog and digital data between antenna 128 and
an external device 26, also equipped with an antenna
118, may be accomplished using numerous types of te-
lemetry systems known in the art for use in implantable
devices.
[0029] The physiologic input signal processing circuit
108 therefore, includes at least one electrical signal am-
plifier circuit for amplifying, processing and in some cases
detecting sense events from characteristics of an EGM
signal or other physiological sensor output signal. The
physiologic input signal processing circuit 108 may thus
include a plurality of cardiac signal sense channels for
sensing and processing cardiac signals from sense elec-
trodes located in relation to a heart chamber. Each such
channel typically includes a sense amplifier circuit for de-
tecting specific cardiac events and an EGM amplifier cir-
cuit for providing an EGM signal to the control and timing
system 102 for sampling, digitizing and storing or trans-
mitting in an uplink transmission. Atrial and ventricular
sense amplifiers include signal processing stages for de-
tecting the occurrence of a P-wave or R-wave, respec-
tively and providing an ASENSE or VSENSE event signal
to the control and timing system 102. Timing and control
system 102 responds in accordance with its particular
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operating system to deliver or modify a pacing therapy,
if appropriate, or to accumulate data for uplink telemetry
transmission in a variety of ways known in the art.
[0030] In the embodiment shown in Figure 2, an exter-
nal pressure measurement device 27 is shown interfaced
with external programmer 26. External pressure meas-
urement device 27 is provided for monitoring a patients
arterial pressure during a CRT optimization procedure
designed to select A-V-V intervals resulting in the great-
est stroke volume. External programmer 26 receives a
pressure signal (P) and performs any necessary filtering,
amplifying or other signal conditioning and further signal
processing of the arterial pressure signal to determine a
stroke volume surrogate as will be described in greater
detail below. External pressure measurement device 27
is provided as a pressure catheter positioned in a pa-
tient’s artery, such as the radial artery. Alternatively, ex-
ternal pressure measurement device 27 is provided as
a tonometer, or other external, non-invasive device
known to provide a signal reliably proportional to arterial
pressure.
[0031] Figure 3 is a schematic block diagram of an
alternative embodiment of multi-chamber IPG 14 that in-
cludes an implantable sensor for monitoring arterial pres-
sure. Identically numbered blocks shown in Figure 3 cor-
respond to those shown in Figure 2. However, in Figure
3, input signal processing circuit 108 receives a physio-
logical signal from sensor 105 that is proportional to aortic
or arterial pressure. Sensor 105 may be a pressure sen-
sor placed intra-arterially for direct pressure measure-
ment. Sensor 105 may be located on a lead included in
the lead system used in conjunction with IPG 14 with the
necessary conductors and connectors required to couple
sensor 105 to IPG 14. Such a lead may include a sensor
of the type disclosed in U.S. Pat. No. 5,564,434 issued
to Halperin, et al., which generally discloses a cardiac
lead including a capacitive blood pressure sensor. Sen-
sor 105 may alternatively be provided as an extravascu-
lar sensor capable of measuring a signal proportional to
aortic or arterial blood pressure, such as, but not limited
to, an optical, acoustical, piezoelectric, or impedance
sensor for measuring arterial wall distension, flow, or oth-
er variable proportional to pressure. Examples of ex-
travascular sensors useful for estimating aortic or arterial
blood pressure are generally disclosed in the above-cited
U.S. Pat. No 6,477,406 and U.S. Pat. No. 6,491,639 both
issued to Turcott, and in U.S. Pat. Appl. No. 10/376,063
filed 26 February 2003 and entitled, "METHOD AND AP-
PATATUS FOR CHRONICALLY MONITORING HEART
SOUNDS FOR DERIVING ESTIMATED BLOOD PRES-
SURE".
[0032] Figure 4 is a set of graphs showing a represent-
ative aortic pressure curve, AoP (top); the first time de-
rivative of aortic pressure, dP/dt, (middle); and aortic flow
(bottom) during a single cardiac cycle. The blood volume
ejected from the heart during one cardiac cycle, referred
to as stroke volume (SV) is equal to the lined area under
the aortic flow curve. Aortic flow occurs during the systolic

ejection time, which begins upon aortic valve opening
and AoP rise and ends upon aortic valve closure at the
dichrotic notch of the aortic pressure waveform. Ideally,
the total ejection time is increased with proper cardiac
synchronization to maximize aortic flow and stroke vol-
ume. As can be seen, the dP/dt curve is similar in mor-
phology to the aortic flow curve. Based on this relation-
ship, a stroke volume surrogate can be derived from aor-
tic (or arterial) pressure measurement. Obtaining a pres-
sure signal measured after the aortic valve, in the aorta
or a major artery, thus enables a method to be performed
for determining a stroke volume surrogate and evaluating
the effects of changes in CRT timing schemes on stroke
volume.
[0033] Figure 5 is a flow chart summarizing the steps
included in a method for optimizing cardiac resynchroni-
zation therapy. At step 205, an echocardiographic as-
sessment is performed to identify an optimal A-V interval
or A-V interval range that does not result in atrial-ven-
tricular competition. Preferably the shortest A-V interval
that does not result in truncation of the atrial contribution
to ventricular filling is identified. Shorter A-V intervals can
result in overlapping of left atrial and ventricular contrac-
tion and abrupt truncation of atrial contraction, resulting
in an overall inefficient ejection of blood from the ventri-
cles and mitral valve regurgitation. Longer A-V intervals
are undesirable because of fusion between the atrial and
ventricular filling phases of the cardiac cycle resulting in
altered ventricular filling patterns. This echocardiograph-
ic assessment of A-V intervals aimed at optimizing di-
astolic function provides a reference A-V interval for use
during the subsequent A-V-V interval optimization for
maximizing systolic function based on the stroke volume
surrogate as will be described below.
[0034] Alternative methods may be substituted at step
205 for identifying an A-V interval or A-V interval range
optimized based on unimpeded diastolic function. In one
embodiment, a baseline A-V interval optimization may
be performed using right ventricular apical motion.
[0035] At step 210, the optimal A-V interval or optimal
range identified at step 205 is stored as a reference A-V
interval. During the subsequent iterative steps performed
to evaluate different A-V-V timing schemes, the test A-V
intervals preferably stay within predetermined limits of
the reference A-V interval or interval range. In one em-
bodiment, test A-V-V timing schemes incorporate A-V
intervals of no more than 20 milliseconds greater or less
than the reference A-V interval. This limitation is imposed
to avoid truncation of the atrial contribution to ventricular
filling, which can be detected by qualitative echocardio-
graphic analysis but may not be detected by other meth-
ods.
[0036] At step 215, the first of a number of A-V-V timing
schemes to be tested is applied. At step 220, an aortic
or arterial pressure signal or correlate thereof is sensed.
At decision step 230, heart rate and hemodynamic sta-
bility are verified. Upon applying a new A-V-V timing
scheme, the hemodynamic response may require a pe-
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riod of time before reaching a stable state. A hemody-
namic stabilization period may be as short as a few heart-
beats or may require several minutes. Preferably, the
stabilization period is a variable period of time determined
based on hemodynamic monitoring. In one embodiment,
a steady state is verified when a running mean value of
the sensed pressure signal or pressure correlate does
not fluctuate by more than a given percentage, such as
5 to 10%. A running mean pressure value can be deter-
mined for a given number of cardiac cycles, such as five
cardiac cycles. In an alternative embodiment, the stabi-
lization period is a predetermined, fixed interval of time
or number of cardiac cycles.
[0037] Heart rate stability is also verified at decision
step 230. Heart rate instability, such as the presence of
ectopic heart beats, elevated heart rate or other irregu-
larities, would produce anomalous pressure data or pres-
sure data that does not reflect the hemodynamic effect
of the applied A-V-V test intervals. As such, the heart
rate preferably stays within a specified range. In one em-
bodiment, heart rate stability may be verified by deter-
mining the average and standard deviation of the cardiac
cycle length during the stabilization period. The cardiac
cycle length may be determined as the interval between
consecutive atrial or ventricular events including pacing
pulses and any sensed atrial or ventricular events. If the
average cardiac cycle length or its standard deviation
falls outside a predefined range, the data is considered
unreliable for A-V-V optimization. Pressure sensing con-
tinues at step 220 until hemodynamic and heart rate sta-
bility are verified at decision step 230.
[0038] Once a steady state is reached, one or more
characteristics of the sensed pressure signal or correlate
thereof are derived as a stroke volume surrogate at step
235. Derived characteristics can include, but are not lim-
ited to, any of: the maximum pulse pressure, maximum
positive slope (+dP/dtmax), mean pressure, and/or a time
interval corresponding to the systolic ejection time, such
as the interval between a maximum and minimum dP/dt.
A derived characteristic is determined for each cardiac
cycle and averaged over a predetermined number of car-
diac cycles. One or more stroke volume surrogates are
determined and stored in device memory with the corre-
sponding A-V-V test intervals.
[0039] Method 200 determines at step 240 if all test A-
V-V intervals have been applied. If not, method 200 re-
turns to step 215 to apply the next A-V-V test intervals
and repeat steps 220 through 235 to determine the he-
modynamic effect of the new A-V-V intervals. In one em-
bodiment, A-V-V testing schemes may include V-V inter-
vals of 0, 20, 40 and 80 ms with the 20, 40 and 80 ms
intervals each applied such that both right-led ventricular
pacing and left-led ventricular pacing are tested. Each
V-V interval is applied in conjunction with one or more A-
V test intervals. At least an A-V interval equal to the ref-
erence A-V interval stored at step 210 is tested in com-
bination with each V-V interval. Additional A-V intervals
within a predefined range of the reference A-V interval

may be applied in combination with each V-V test interval.
[0040] Once all test intervals have been applied, the
optimal A-V-V timing scheme is identified at step 245.
The optimal A-V-V timing scheme is identified as the in-
terval settings corresponding to the greatest systolic he-
modynamic effect as indicated by one or more stroke
volume surrogates derived from the arterial or aortic pres-
sure signal or correlate thereof. Operating settings for
the A-V-V intervals can then be automatically or manually
adjusted to the optimal intervals.
[0041] When method 200 is executed by an external
device, such as a programmer, for acute CRT optimiza-
tion, the hemodynamic data and corresponding A-V-V
timing schemes can be recorded and displayed with the
recommended A-V-V intervals reported. Adjustment of
A-V-V intervals may be performed automatically by the
external device or manually by an attending clinician.
[0042] When method 200 is executed by an implanta-
ble device, the hemodynamic data and corresponding A-
V-V timing schemes may be stored in device memory for
later uplinking to an external device. Method 200 can be
performed on a periodic basis such that A-V-V intervals
can be automatically adjusted as necessary to maintain
the greatest stroke volume. A histogram of automatic ad-
justments made to the A-V-V intervals may be stored with
supporting stroke volume surrogate data so that a history
of A-V-V adjustments and hemodynamic data is available
to a physician for use in monitoring patient status and
therapy effectiveness.
[0043] Method 200 may additionally or alternatively be
performed on a triggered basis. Triggering events may
be predefined conditions based on sensed physiological
signals or a patient-initiated trigger. Figure 6 is a flow
chart summarizing a method for maintaining optimal A-
V-V intervals chronically. At step 305, continuous or pe-
riodic monitoring of the stroke volume surrogate is per-
formed. The stroke volume surrogate is determined ac-
cording to the methods described previously based on a
sensed aortic or arterial blood pressure signal or corre-
late thereof. Upon detection of a worsening in stroke vol-
ume based on the stroke volume surrogate at decision
step 310, the optimization method 200 is performed at
step 315 (with the exception of steps 205 and 210) to
redetermine the optimal A-V-V timing scheme.
[0044] During the re-optimization procedure, changes
in diastolic pressure are monitored as indicated by step
320. Mean estimated diastolic pressure or minimum di-
astolic pressure may be derived from the sensed pres-
sure signal to determine if a change in diastolic pressure
has occurred which may be indicative of an alteration of
diastolic function. If a change in diastolic function is indi-
cated, the stored A-V interval reference determined at
step 205 of method 200 may no longer be valid. A re-
optimization of the reference A-V interval based on un-
impeded diastolic function may be necessary. At step
335, a warning flag is generated to indicate to a clinician
upon the next device interrogation that an A-V interval
optimization procedure is recommended.
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[0045] Thus a method and apparatus have been de-
scribed for optimizing cardiac resynchronization therapy
based on a stroke volume surrogate derived from an ar-
terial or aortic blood pressure signal. While the invention
has been described herein in the context of specific em-
bodiments, it is recognized that numerous variations of
these embodiments may be apparent to those skilled.in
the art. The descriptions provided herein, therefore, are
intended to be exemplary, not limiting, with regard to the
following claims.

Claims

1. A method for optimizing cardiac resynchronization
therapy comprising:

a. sensing (205) a signal proportional to a blood
pressure present in an aorta or a major artery
of a patient;
b. determining a stroke volume surrogate from
the sensed signal proportional to blood pressure
by deriving a signal characteristic that varies
proportionally to stroke volume variations; the
method being characterized in that it further
comprises the steps of
c. at least temporarily storing (210) in a computer
readable storage medium at least a one of the
following: the signal, the stroke volume surro-
gate, the signal characteristic
d. applying a number of A-V-V timing schemes
and repeating steps a., b., and c. for each of said
number of A-V-V timing schemes; and
e. identifying (245) an optimal A-V-V timing
scheme corresponding to the greatest stroke
volume based on the stroke volume surrogate
for at least two of said number of A-V-V timing
schemes.

2. A computer readable medium for storing instructions
for performing the following method, comprising:

a. instructions for sensing a signal proportional
to a blood pressure present in an aorta or a major
artery of a patient;
b. instructions for determining a stroke volume
surrogate from the sensed signal proportional
to blood pressure by deriving a signal charac-
teristic that varies proportionally to stroke vol-
ume variations; the computer readable medium
being characterized in that it comprises
c. instructions for at least temporarily storing in
a computer readable storage medium at least a
one of the following: the signal, the stroke vol-
ume surrogate, the signal characteristic
d. instructions for applying a number of A-V-V
timing schemes and repeating steps a., b., and
c. for each of said number of A-V-V timing

schemes; and
e. instructions for identifying an optimal A-V-V
timing scheme corresponding to the greatest
stroke volume based on the stroke volume sur-
rogate for at least two of said number of A-V-V
timing schemes.

3. An apparatus for optimizing cardiac resynchroniza-
tion therapy comprising

a. means (16, 32, 52) for sensing a signal pro-
portional to a blood pressure present in an aorta
or a major artery of a patient;
b. means (102) for determining a stroke volume
surrogate from the sensed signal proportional
to blood pressure by deriving a signal charac-
teristic that varies proportionally to stroke vol-
ume variations; the apparatus being character-
ized in that it further comprises
c. means for, at least temporarily, storing in a
computer readable storage medium at least a
one of the following: the signal, the stroke,vol-
ume surrogate, the signal characteristic
d. means for applying a number of A-V-V timing
schemes and repeating steps a., b., and c. for
each of said number of A-V-V timing schemes;
and
e. means (108) for identifying an optimal A-V-V
timing scheme corresponding to the greatest
stroke volume based on the stroke volume sur-
rogate for at least two of said number of A-V-V
timing schemes.

Patentansprüche

1. Verfahren zur Optimierung kardialer Resynchroni-
sationstherapie, das beinhaltet:

a. Erfassen (205) eines zu einem in einer Aorta
oder einer Hauptarterie eines Patienten vorlie-
genden Blutdruck proportionalen Signals;
b. Bestimmen eines Surrogates für ein Schlag-
volumen aus dem erfassten, zu einem Blutdruck
proportionalen Signal durch Ableiten einer Si-
gnalcharakteristik, die sich proportional zu
Schlagvolumenänderungen ändert; wobei das
Verfahren dadurch gekennzeichnet ist, dass
es ferner die Schritte beinhaltet:
c. wenigstens zeitweises Speichern (210) des
Signals, des Surrogates für das Schlagvolumen
und/oder der Signalcharakteristik auf bzw. in ei-
nem computerlesbaren Speichermedium;
d. Anwenden einer Anzahl von A-V-V-Zeitsche-
mata und Wiederholen der Schritte a., b. und c.
für jedes aus der Anzahl von A-V-V-Zeitsche-
mata; und
e. Identifizieren (245) eines dem größten

13 14 



EP 1 606 014 B1

9

5

10

15

20

25

30

35

40

45

50

55

Schlagvolumen entsprechenden optimalen A-
V-V-Zeitschemas auf Grundlage des Surroga-
tes für das Schlagvolumen für wenigstens zwei
aus der Anzahl von A-V-V-Zeitschemata.

2. Computerlesbares Medium zum Speichern von An-
weisungen zur Durchführung des nachfolgenden
Verfahrens, aufweisend:

a. Anweisungen zum Erfassen eines zu einem
in einer Aorta oder einer Hauptarterie eines Pa-
tienten vorliegenden Blutdruck proportionalen
Signals;
b. Anweisungen zum Bestimmen eines Surro-
gates für ein Schlagvolumen aus dem erfassten,
zu einem Blutdruck proportionalen Signal durch
Ableiten einer Signalcharakteristik, die sich pro-
portional zu Schlagvolumenänderungen ändert;
wobei das computerlesbare Medium dadurch
gekennzeichnet ist, dass es aufweist:
c. Anweisungen zum wenigstens zeitweisen
Speichern des Signals, des Surrogates für das
Schlagvolumen und/oder der Signalcharakteri-
stik auf bzw. in einem computerlesbaren Spei-
chermedium;
d. Anweisungen zum Anwenden einer Anzahl
von A-V-V-Zeitschemata und zum Wiederholen
der Schritte a., b. und c. für jedes aus der Anzahl
von A-V-V-Zeitschemata; und
e. Anweisungen zum Identifizieren eines dem
größten Schlagvolumen entsprechenden opti-
malen A-V-V-Zeitschemas auf Grundlage des
Surrogates für das Schlagvolumen für wenig-
stens zwei aus der Anzahl von A-V-V-Zeitsche-
mata.

3. Vorrichtung zur Optimierung kardialer Resynchroni-
sationstherapie, die aufweist:

a. Mittel (16, 32, 52) zum Erfassen eines zu ei-
nem in einer Aorta oder einer Hauptarterie eines
Patienten vorliegenden Blutdruck proportiona-
len Signals;
b. Mittel (102) zum Bestimmen eines Surrogates
für ein Schlagvolumen aus dem erfassten, zu
einem Blutdruck proportionalen Signal durch
Ableiten einer Signalcharakteristik, die sich pro-
portional zu Schlagvolumenänderungen ändert;
wobei die Vorrichtung dadurch gekennzeich-
net ist, dass sie ferner aufweist:
c. Mittel zum wenigstens zeitweisen Speichern
des Signals, des Surrogates für das Schlagvo-
lumen und/oder der Signalcharakteristik auf
bzw. in einem computerlesbaren Speicherme-
dium;
d. Mittel zum Anwenden einer Anzahl von A-V-
V-Zeitschemata und Wiederholen der Schritte
a., b. und c. für jedes aus der Anzahl von A-V-

V-Zeitschemata; und
e. Mittel (108) zum Identifizieren eines dem
größten Schlagvolumen entsprechenden opti-
malen A-V-V-Zeitschemas auf Grundlage des
Surrogates für das Schlagvolumen für wenig-
stens zwei aus der Anzahl von A-V-V-Zeitsche-
mata.

Revendications

1. Procédé pour optimiser une thérapie de resynchro-
nisation cardiaque comportant les étapes consistant
à :

a. détecter (205) un signal proportionnel à une
pression sanguine présente dans une aorte ou
une artère principale d’un patient ;
b. déterminer un substitut de volume systolique
ou pulsatoire à partir du signal détecté propor-
tionnel à la pression sanguine en dérivant une
caractéristique de signal qui varie proportionnel-
lement à des variations du volume systolique ;
le procédé étant caractérisé en ce qu’il com-
porte en outre les étapes consistant à :
c. mémoriser (210) au moins temporairement
dans un support de mémorisation lisible par or-
dinateur au moins l’un des éléments suivants :
le signal, le substitut de volume systolique, la
caractéristique de signal ;
d. appliquer un certain nombre de schémas de
synchronisation A-V-V et répéter les étapes a.,
b., et c. pour chacun dudit nombre de schémas
de synchronisation A-V-V ; et
e. identifier (245) un schéma de synchronisation
A-V-V optimal correspondant au volume systo-
lique le plus élevé basé sur le substitut de volu-
me systolique pour au moins deux schémas du-
dit nombre de schémas de synchronisation A-
V-V.

2. Support lisible par ordinateur pour mémoriser des
instructions afin de mettre en oeuvre le procédé sui-
vant, comportant :

a. des instructions pour détecter un signal pro-
portionnel à une pression sanguine présente
dans une aorte ou une artère principale d’un
patient ;
b. des instructions pour déterminer un substitut
de volume systolique ou pulsatoire à partir du
signal détecté proportionnel à la pression san-
guine en dérivant une caractéristique de signal
qui varie proportionnellement à des variations
du volume systolique ;
le support lisible par ordinateur étant caracté-
risé en ce qu’il comporte :
c. des instructions pour mémoriser au moins
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temporairement dans un support de mémorisa-
tion lisible par ordinateur au moins l’un des élé-
ments suivants : le signal, le substitut de volume
systolique, la caractéristique de signal ;
d. des instructions pour appliquer un certain
nombre de schémas de synchronisation A-V-V
et répéter les étapes a., b., et. c. pour chacun
dudit nombre de schémas de synchronisation
A-V-V ; et
e. des instructions pour identifier un schéma de
synchronisation A-V-V optimal correspondant
au volume systolique le plus élevé basé sur le
substitut de volume systolique pour au moins
deux schémas dudit nombre de schémas de
synchronisation A-V-V.

3. Dispositif pour optimiser une thérapie de resynchro-
nisation cardiaque comportant :

a. des moyens (16, 32, 52) pour détecter un si-
gnal proportionnel à une pression sanguine pré-
sente dans une aorte ou une artère principale
d’un patient ;
b. des moyens (102) pour déterminer un subs-
titut de volume systolique ou pulsatoire à partir
du signal détecté proportionnel à la pression
sanguine en dérivant une caractéristique de si-
gnal qui varie proportionnellement à des varia-
tions du volume systolique ;
le dispositif étant caractérisé en ce qu’il com-
porte en outre :
c. des moyens pour, au moins temporairement,
mémoriser dans un support de mémorisation li-
sible par ordinateur au moins l’un des éléments
suivants : le signal, le substitut de volume sys-
tolique, la caractéristique de signal ;
d. des moyens pour appliquer un certain nombre
de schémas de synchronisation A-V-V et répé-
ter les étapes a., b., et c. pour chacun dudit nom-
bre de schémas de synchronisation A-V-V ; et
e. des moyens (108) pour identifier un schéma
de synchronisation A-V-V optimal correspon-
dant au volume systolique le plus élevé basé
sur le substitut de volume systolique pour au
moins deux schémas dudit nombre de schémas
de synchronisation A-V-V.
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