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APPARATUS AND METHODS FOR OPTIMIZING INTRA CARDIAC FILLING
PRESSURES, HEART RATE, AND CARDIAC OUTPUT

FIELD OF THE INVENTION

The present invention relates to apparatus, systems, and methods for prevention
and/or remediation of heart discase, ¢.g., for optimizing intra-cardiac filling pressurcs, heart
rate, and/or cardiac output for patients, such as patients suffering from conduction disease,

atrial fibrillation, and/or congestive heart failure.

BACKGROUND

Placing a permanent pacernaker is often the only effective treatment for patients
with sick sinus syndrome, atrioventricular conduction disorders, and chronotropic
ncompetence (where the heart rate does not increase in proportion to the demands of the
body). Inthese circumstances, patients may receive dual chamber pacemakers, e.g., with
one pacing lead typically placed in the right atrium (RA) and a second endocardial pacing
lead typically placed in the right ventricular (RV) apex. However, RV pacing is associated
with increased rate of death or hospitalization from congestive heart failure. The
pathophysiology for this is unclear, but growing evidence suggests that an associate
increase in intra-cardiac filling pressures is the primary driver of poor ocutcomes. RV pacing
may cause bi-ventricular dyssynchrony, which, in attempts to maintain adequate cardiac
output, may result in a new equilibrium of higher intra-cardiac filling pressures, particularly
left-sided filling pressures. Higher intra-cardiac pressures result in symptorns of shortness
of breath, an increase in the likelihood of cardiac arrhythmias, and a decrease in exercise
capacity. The only current alternative in these patients 1s to place bi-ventricular pacing
leads, whereby a third pacing lead is placed typically into the corovary sinus of the heart in
order to pace both ventricles. This results in simultaneous bi-ventricular contraction, also
referred to as cardiac resynchronization therapy (CRT). CRT is associated with lower lefi-
sided filling pressures, decreased arrhythmias, decreased heart failure hospitalizations, and
decreased mortality. However, approximately ten percent (10%) of patients cannot receive
CRT due to heart anatomy. Therefore, an alternative device that is able to pace the heart
while maintaining lower intra-cardiac filling pressures would be advantageous.

Heart failure occurs because the body perceives a decrease in cardiac output. The
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normal homeostasis feedback mechanisms increase total body volume in efforts to increase
stroke volume in order to maintain cardiac output by the Frank-Starling mechanism.
However, as cardiac performance continues to decline, the ability of the Frank-Starling
mechanism is exceeded, and an increasing total body volume continues despite no
improvement in stroke volume. The body continues this volume accumulation (via fluid
retention), which ultimately worsens cardiac performance and leads to congestive heart
failure. In this relatively common situation, a reduction in total body volume via diuretics
(against the normal feedback mechanisms) may improve cardiac function and the patient’s
Symptoms.

Heart failure costs over thirty billion dollars annually and is expected to grow by
over two hundred percent (200%) over the next twenty years. Heart failure is the leading
cause of hospitalization in people over the age of sixty-five and accounts for one-fifth of all
elderly admission. Despite advances in monitoring and therapies, the thirty-day
readmission rate for congestive heart failure has remained extremely high and relatively
unchanged (slightly over 20%) over the last two decades in the United States. In heart
failure patients, increasing the heart rate may increase the cardiac output and help with
diuresis. However, higher heart rates are associated with higher intracardiac filling
pressures, which limit patient exercise capacity. A method to increase cardiac output
without increasing intracardiac pressures would be advantageous.

Heart failure results in increased fluid retention. The increased fluid causes
morbidity in a variety of ways. Increased fluid in the extremities can lead to edema and
tissue congestion, increased fluid in the liver can lead to cirrhosis and liver failure, and
increased fluid in the gastrointestinal track can decrease food and drug absorption, and lead
to early satiety. Increased venous pressure decreases renal perfusion pressure, which can
lead to renal dysfunction and more fluid retention. However, the primary patient symptom
associated with admission to the hospital is related to elevated left ventricular filling
pressures. Elevated left ventricular diastolic filling pressure backs up into the left atrium
and the pulmonary veins. An elevation of pulmonary venous pressure can cause tachypnea,
increase respiratory dead space, and worsen oxygen exchange. In addition, elevated left-
sided filling pressures can cause pulmonary edema and decreased oxygen exchange which
results in shortness of breath, orthopnea (shortness of breath when laying down), and
hypoxia (decreased oxygen levels).

Accordingly, apparatus, systems, and methods for optimizing intra-cardiac filling



10

15

20

25

30

WO 2015/109028 PCT/US2015/011474
-3-
pressures, heart rate, and cardiac output in order to treat patients with conduction discase,

atrial fibrillation, and congestive heart failure would be useful.

SUMMARY

The present invention is directed to an apparatus, systems, and methods for
prevention and/or remediation of heart disease, e.g., for optimizing intra-cardiac pressures,
heart rate, and cardiac output for patients, such as patients suffering from conduction
disease, atrial fibrillation, and congestive heart failure. More particularly, the present
invention is directed to implantable devices that measure hemodynamics and help optimize
ntra~cardiac pressures, heart rate, and/or cardiac output for patients; and systems and
methods for using such devices.

The primary treatment for patients with heart failure is to give diuretic medications
to reduce total body volume, with more refractory cases requiring continuous infusion of
medications to improve cardiac function. Reducing total body fluid results in less
congestion, improved renal function, and a paradoxical increase in cardiac output. A device
that is able to induce “mechanical diuresis” where excess fluid is sequestered elsewhere in a
patient’s body may be able to optimize intracardiac pressures and cardiac output similarly to
diuretics. We have demonstrated that by creating a pressure gradient in the inferior vena
cava, we can move extrancous and congesting fluid to the high capacitance vessels below a
pressure gradient device placed within or downstream of the inferior vena cava. Given the
high capacitance of the venous system, a large volume of blood can be relocated, with a
significant decrease in intra-cardiac pressures and with only a minimal (if any) increase in
pressure below our device.

Computer modeling has revealed that differences in bi-ventricular function are likely
more important than total cardiac output in terms of patient symptoms. However discordant
the ventricular function may be, the cardiac output of each ventricle must be the same.
Therefore, with predominant left heart failure (or a hyperactive right ventricle), pressure
builds behind the left ventricle. In predominant right heart failure (or a hyperactive left
ventricle), pressure builds behind the right ventricle. Of importance, exercise/exertion
exaggerates differences in ventricular function. Over time and accelerated by disease, most
left ventricles develop some degree of diastolic dysfunction. Accordingly, during exercise,
the left ventricle cannot “keep up with” the right ventricle. The resulting equilibrium

reveals rapid elevations in left-sided filling pressures during exercise that limit exercise
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capacity. An interactive device that can rapidly sequester extra blood volume can limit the
rise in intra-cardiac filling pressures while maintaining cardiac output would dramatically
improve exercise capacity and improve patient symptoms of fatigue and shortness of breath.

Long standing elevated left atrial (LA) pressure can dilate the left atrium and
contribute to atrial arrhythmias such as atrial fibrillation. It is likely that increases in
ventricular pressures (both right and left ventricular pressures) may result in ventricular
arrhythmias as well. By maintaining lower intracardiac filling pressures, a system that
maintains cardiac output while preventing elevated intracardiac pressures may decrease
deadly cardiac arrhythmias.

Cardiac output and heart rate have a complicated relationship. In patients without
volume overload, increasing heart rate does not affect cardiac output. This apparent
paradox occurs due to a decrease in ventricular filling time and a redistribution of blood
from the heart to peripheral tissue. When venous return to the heart is not increased, the
stroke volume will fall with increasing heart rate implying an extrathoracic venous collapse.
However, in patients that are volume overloaded, increasing the heart rate can maintain
stroke volume and increase cardiac output dramatically. The amount of improvement in
cardiac output typically depends on the ability of the left ventricle to relax fast enough at
higher heart rates. Therefore, optimizing cardiac output is a complex interaction between
volume status, heart rate, bi-ventricular pressure-volume curves and filling parameters.
Improving heart rate may increase left-sided filling pressures and exacerbate patient
symptoms. Left-sided filling pressures may rise significantly with only marginal
improvement in cardiac output. Therefore, the relationships between cardiac output in
response to changes in left-sided filling pressures are an important consideration to optimize
filling pressures and cardiac output.

In most individuals, cardiac output does not need to be increased. However, in
patients with heart failure, the body senses a reduction in cardiac output. In these patients,
increasing cardiac output can improve renal perfusion and urine output, thereby improving
volume status. In order to most effectively titrate heart rate, the systems and methods herein
may monitor both intracardiac pressures and cardiac output.

Most pacemaker systems adjust heart rate based on physiologic need (such as
monitoring respiratory rate and/or patient activity) as opposed to adjusting heart rate based
on intracardiac pressures, cardiac output, and total body blood volume. In most patients

with volume overload, increasing the heart rate will increase the cardiac output. However,
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this often results in elevated left-sided filling pressures and worsening symptoms of heart
failure. Therefore, while pacing improves cardiac output and volume status, it may make
symptoms of heart failure worse. If the intra-cardiac pressures can be monitored and
optimized with increasing heart rates, total body volume can be improved without
exacerbating heart failure symptoms. Furthermore, by adjusting both heart rate and intra-
cardiac filling pressures, cardiac output can be optimized. This encompasses a novel
concept — to adjust cardiac output based on a measure of patient volume status in order to
improve symptoms and encourage diuresis, as needed. Therefore, if a patient begins to gain
excess blood volume, the systems and methods herein may increase cardiac output in efforts
to diurese the excess blood physiologically.

Prior systems attempting to optimize left-sided filling pressures suggest placing a
pressure sensor directly into the left atrium or left ventricle. However, such sensors are at
risk of thrombus development, which may lead to thromboembolic events. By not
interfering with the systemic circulation or integrity of natural barriers (such as the
interatrial septum), thrombus development at the location of pressure sensors are prevented
from causing systemic thromboembolic events by utilizing the ability of the lung
vasculature to sequester these thrombi from reaching the brain and other key organs.
Furthermore, placing a pressure sensor directly into the coronary sinus, with or without an
occlusion, the pressure of the left ventricle may be estimated.

Additionally, monitoring changes in right ventricular or pulmonary pressures - or
combining right ventricular or pulmonary pressures with an estimate of stroke volume -
may be used to estimate left-sided filling pressures without requiring a sensor in the left
atrium. Mild changes in the pressure gradient in the inferior vena cava, for example, may
cause slight changes in right-sided filling pressures and subsequent changes in stroke
volume by the Frank-Starling mechanism. However, if the left ventricle is unable to
increase the stroke volume similarly, the pressure of the left ventricle, left atrium,
pulmonary artery, and right ventricle increase. This increase in afterload decreases right
ventricular stroke volume until it equals the stroke volume of the left ventricle. Therefore,
when mild changes in the pressure gradient mechanism causes a significant increase in right
or left sided pressures, this suggests the additional volume did not improve cardiac output.
Therefore, only changes in pressure (or changes in stroke volume) are necessary to estimate
the pressure differential required to maximize cardiac output.

In accordance with an exemplary embodiment, the apparatus, systems, and methods
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herein may determine an elevation in total body blood volume and optimize cardiac output
by adjusting heart rate in efforts to improve volume status through increased renal perfusion
and therefore increased diuresis. In addition, the apparatus and systems herein may control
the intra-cardiac filling pressures by creating a pressure differential in a vessel such as the
inferior vena cava. The pressure differential may sequester extraneous blood volume to the
high-capacitance of the venous system. The apparatus and systems herein may manifest an
effective “mechanical diuresis” to improve myocardial hemodynamics. Optionally, the
apparatus, systems, and methods herein may also pace the right ventricle in patients
requiring pacing, and/or simultancously may prevent the rise in intra-cardiac pressures
associated with right ventricular pacing to improve the symptoms and outcomes of patients.
Therefore, the apparatus and systems herein may be an alternative to placing a pacing lead
in the coronary sinus (bi-ventricular pacing), which is the primary treatment option for most
patients requiring right ventricular pacing and may be the only treatment option for up to ten
percent (10%) of patients that have inadequate coronary anatomy for the additional pacing
lead.

Optionally, the systems and methods herein may also communicate to the patient
their total body blood volume status and/or help manage their medical management. In
addition or alternatively, the apparatus, systems, and methods may be responsive to patient
activity to optimize cardiac performance and intracardiac pressures to improve exercise
capacity. Furthermore, decreasing intra-cardiac pressures may reduce ectopic beats, thereby
reducing dangerous and symptomatic arrhythmias. In addition, reducing intracardiac
pressures may result in remodeling that improves myocardial function and hemodynamics.
Thus, the apparatus, systems, and methods herein may therefore improve patient respiratory
symptoms, improve cardiac output and/or encourage diuresis to reduce total body volume,
improve exercise capacity, guide patient medication dosing, prevent atrial and ventricular
arrhythmias, prevent negative heart failure remodeling, decrease heart failure hospitalization
rates, and/or improve the quality and duration of life.

In accordance with another embodiment, the apparatus, systems, and methods herein
may include implantation of a device that monitors pressures in and around the heart, as
well as the cardiac output, and accordingly adjusts heart rate and a pressure gradient, such
as through the inferior vena cava. The pressure gradient and heart rate may be adjusted to
optimize the filling pressures inside of the heart and the cardiac output. In response to

measurements of cardiac output and/or sensors of pressure measurements, at least one
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pressure gradient and/or the heart rate are adjusted to optimize hemodynamics.

Monitoring intracardiac filling pressure may include one or more pressure sensors
located in the coronary sinus, pulmonary circulation, right ventricle, right atrium, left
atrium, and/or vena cava. In addition or alternatively, monitoring stroke volume or cardiac
output may be determined by assessing for changes in electrical impedance or changes in
oxygen saturation, such as, determined by light oximetry.

In accordance with still another embodiment, systems and methods may be provided
for determining optimal estimated left sided filling pressure within a patient’s heart. The
system and methods may gradually adjust the pressure differential and/or heart rate in order
to create pressure-cardiac output relationships. The systems and methods may periodically
be gradually adjusted to alter the pressure differential, which may result in a new estimated
left sided filling pressure and a measured cardiac output, which may be recorded.
Optionally, the heart rate may also periodically be gradually adjusted, which may result in a
new estimated left sided filling pressure and measured cardiac output which can be
recorded. Therefore, by altering the pressure differential and heart rate, the systems and
methods may maximize cardiac output with respect to intracardiac filling pressures.
Pressure- cardiac output relationships may be determined in order to identify the optimal
pressure differential and heart rate in order to optimize cardiac output at an acceptable rise
in the estimated left sided filling pressures at various patient activity levels.

In another embodiment, systems and methods may be provided to create a pressure
differential that include one or more shunts, balloons, orifices, valves, constriction
mechanism, and the like, ¢.g., to increase a pressure drop through the tricuspid valve,
superior vena cava, inferior vena cava, pulmonary artery, and/or right atrium.

In accordance with an exemplary embodiment, a system is provided for implantation
in the body of a patient with conduction discase and/or heart fatlure configured to monitor
and/or treat the patient. The system may inclade at feast one seusor configured to provide
sensor data corresponding to pressures within or near the heart; at {east one adjustable
component configured to create a pressure gradient to blood flow; at least one pacing
component configured to at least one of sense and pace the heart; and a controller
configured for adjusting the function of at least one component based at least in part on
sensor data from at least one sensor.

Optionally, the systerm may include at lcast one additional sensor configured to

provide sensor data corresponding to the stroke volume or cardiac output. In one
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embodiment, the at least one additional seusor coruprises a plurality of electrodes
configured to measure changes in clectrical impedance that correlate with changes in blood
volume. The controller may be coupled to the plurality of electrodes and configured to
estimate cardiac output by measuring the changes in electrical impedance from the plurality
of electrodes. For example, at least one catheter, lead, or other elongate member may have
two or more electrodes along the catheter capable of measuring electrical impedance. In
another embodiment, the at least one additional sensor may be a flow sensor capable of
measuring the blood oxygen saturation, such as with a light oximeter. The controller may
be configured to estimate left-sided filling pressures by analyzing sensor data from at least
two of these sensors.

In still another embodiment, the at least one pressure sensor may be configured to be
located in the pulmeonary artery, right atcium, superior vena cava, inferior vena cava, right
ventricle, left atrium, and/or coronary sinus {or any vein of the heart), ¢.g., carried by a lead
implanted in the patient’s body.

In an exemplary embodiment, the at least one adjustable component may be
configured to be placed percutancously and selectively expanded in the vena cava with a
mechanism to induce a pressure gradient along the inside of the adjustable component. In
one embodiment, the adjustable component may be an expandable member, ¢.g., an
wnflatable balloon or a self-expanding mechanism. In avother ernbodirent, the adjustable
component may be a tubular member that may be selectively actuated to change shape
and/or size. In yet another embodiment, the adjustable component may be connected to an
clectrical motor that may induce changes to the adjustable component.

In any of these crabodiments, the controller may utilize changes in blood pressure to
tnduce a mechanical change in the adjustable component. For example, filling pressures of
the right atrium may fluctuate, e.g., from about SmmHg to about 10mmHg, while the
pressure below or upstream of the adjustable device may maintain a pressure of about
10mmhg. The controller may actuate the flow impedance device to use energy from this
higher pressure to create a pressure drop across the device, ¢.g., to use the pressure
differential that occurs during the normal heart cycle to create a pressure gradient.

In yet other embodiments, the adjustable component may create a pressure gradicnt
by at least one of the following: 1. adjusting blood flow impedance across the tricuspid
valve; ii. decreasing the size of the right ventricle; iii. adjusting blood flow impedance

through the superior vena cava; iv. adjusting blood flow impedance through the inferior
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vena cava; v. adjusting blood flow impedance through the azigous vein; vi. adjusting blood
flow impedance through the right ventricle or tributary; vii. adjusting blood flow impedance
through the pulmonary valve and/or pulmonary artery; and viii. adjusting blood flow
impedance from the left atrium into a lower pressure conduit.

In addition or alternatively, the blood flow impedance may be adjusted by at least
one of: 1. inflating a balloon; ii. where the adjustable component has a certain shape,
including but not limited to, a doughnut shaped structure where blood flows through the
structure; iii. changing the size or orientation of a shunt; iv. shunting the direction of blood
flow; v. adjusting the size of a conduit; vi. a rotating propeller; vii. adjusting the cross-
sectional area of blood flow; and viii. adjusting a valve, where the valve includes one of a
ball valve, shutter valve, butterfly valve, diaphragm valve, gate valve, globe valve, knife
valve, spool valve, thermal expansion valve, and a pressure reducing valve.

In exemplary embodiments, the adjustable component may be located in the
patient’s inferior vena cava or below the renal veins. Alternatively, the adjustable
component may be located outside a blood vessel in the patient’s body.

Optionally, in any of thesc embodiments, the system may include at least one sensor
configured to correlate with patient activity, such as with an accelerometer device.

In accordance with another embodiment, during operation of the system, the
controller may change the function of at least oue component in order to assess and/or
record changes from at least one sensor component. For example, the controller may
determine the function of at least one component based on changes in sensor data in
response to changes in function of at least one component.

In addition or alternatively, the controller may maintain a minimurm acceptable
cardiac output and a maximally allowable left-sided filling pressure. For example, the
minimum acceptable cardiac output and the maximally allowable left-sided filling pressure
may be influcnced by sensor data.

In addition or alternatively, the controller may be configured for adjusting the
function of at least one component based at least in part on prior recordings from the system
and current recordings from at least one sensor.

Optionally, in any of thesc embodiments, sensor data and/or device functioning
details may be transmitted outside of the patient, ¢.g., using a transmitter or transceiver
carried by the controller or other component of the system. In addition or alternatively, the

functionality of the device may be adjusted from outside of the patient’s body, e.g., by
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communicating with the system using a receiver or transceiver carried by the countroller or
other component of the system.

In another option, 1n any of these embodimeunts, the system may also include one or
more pacing clectrodes, and the controller may be configured to adjust the pacing
parameters of the onc or more pacing clectrodes in response to sensor data.

In still another embodiment, the adjustable component may be at least partially
fabricated from animal tissue (such as bovine or porcine tissue), Nitinol, synthetic
fluoropolymer, stainless steel, chromium compounds, and/or various polyesters.

In accordance with another exemplary embodiment, a system is provided for
implantation in the body of a patient with conduction disease and/or heart failure configured
to monitor and/or treat the patient that includes a catheter, lead, or other elongate member
sized for implantation within a patient’s body, e.g., such that at least one end of the lead is
positioned within a chamber of the patient’s heart, a blood vessel, and/or other body lumen.
The system may include at least one sensor carried by the elongate member and configured
to provide sensor data corresponding to pressures within or near the heart. The system also
includes at least one adjustable component configured to create a pressure gradient to blood
flow carried by the clongate maember or a second catheter, lead, or clongate raember. The
system also includes at least one pacing component configured to at least one of sense and
pace the heart, and a controller configured for adjusting the function of at least one
component based at least in part on sensor data from at least one sensor.

In one embodiment, the elongate member includes a proximal end coupled to a
housing containing the controller and a distal end sized for introduction into the patient’s
heart, and wherein the at least one pressure sensor and the at least one component are
carried by the elongate member. For example, the elongate member may include a first
branch on the distal end carrying the at least one pressure sensor, and a second branch on
the distal end carrying the at least one component. In an exemplary embodiment, the
clongate member is a catheter including an inflation lumen extending between the proximal
end and the second branch, and wherein the at least one component includes a balloon
comprising an interior communicating with the inflation lumen for delivering and removing
inflation media into and from the interior.

In another exemplary embodiment, the elongate member is a catheter including first
and second inflations lumen extending between the proximal end and the second branch,

and wherein the at least one component comprises a first balloon comprising a first interior
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communicating with the first inflation lumen and a second balloon comprising a second
interior communicating with the second inflation lumen such that inflation may be delivered
into and removed from the first and second interiors to independently expand and collapse
the first and second balloons.

Optionally, the system may include an actuator member extending from the elongate
member proximal end to the second branch, and wherein the at least one component
comprises a mechanically expandable member coupled to the actuator member for
selectively expanding and collapsing the expandable member.

Other aspects and features of the present invention will become apparent from
consideration of the following description taken in conjunction with the accompanying

drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention is best understood from the following detailed description when read
in conjunction with the accompanying drawings. It will be appreciated that the exemplary
apparatus shown in the drawings are not necessarily drawn to scale, with emphasis instead
being placed on illustrating the various aspects and features of the illustrated embodiments.

FIG. 1 shows an exemplary embodiment of a system implanted within a patient’s
body.

FIG. 2 shows another exemplary embodiment of a system implanted within a
patient’s body.

FIG. 3 shows an exemplary embodiment of a device for creating a pressure
differential within a patient’s body that may be included in a system such as those shown in
FIGS. 1 and 2.

FIG. 4 is a table showing exemplary hemodynamic data obtained by creating a
pressure differential in the inferior vena cava.

FIGS. 5A and 5B are tables showing exemplary data of the relationship between left
atrial pressure and bi-ventricular pacing.

FIG. 6 is a graph showing exemplary computer modeling data relating discordant bi-
ventricular function to cardiac output, left atrial pressure, and left atrial plus pulmonary
circulation blood volume.

FIG. 7 is a flow chart showing an exemplary method for using pressure

measurements, heart rate, and estimates of cardiac output to estimate left-sided filling
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pressures.

FIGS. 8A and 8B are graphs showing an example of how changes in heart rate and
pressure differential affect both the estimated left-sided filling pressure and the cardiac
output.

FIG. 9 is a graph showing the relationship between the estimated left sided filling
pressures and estimates of cardiac output illustrating an exemplary method for using the
slope of this relationship to determine the optimal heart rate and pressure differential.

FIG. 10 is a flow chart showing an exemplary methods for determining the optimal
heart rate and pressure differential based on measurements and programmable aspects of a

system implanted within a patient’s body.

DETAILED DESCRIPTION OF THE EXEMPLARY EMBODIMENTS

Turning to the drawings, FIG. 1 shows an exemplary embodiment of a system 10
that may be implanted within a patient’s heart 90 for prevention and/or remediation of heart
disease, e.g., for optimizing intra-cardiac filling pressures, heart rate, and/or cardiac output
for patients, such as patients suffering from conduction discase, atrial fibrillation, and/or
congestive heart failure. In the embodiment shown, the system 10 includes first and second
leads 20, 30 coupled a controller 40 for operating the system 10, e.g., to perform the various
methods and/or functions described elsewhere herein.

As shown, the first lead 20 includes a first or proximal end 22 coupled to the
controller housing 42 and a second or distal end 24 sized for introduction into the patient’s
heart 90, e.g., into the right atrium 94. The distal end 24 may include one or more features,
e.g., a screw tip or other anchor (not shown), for securing the distal end 24 relative to the
heart 90, ¢.g., into the septum 91 between the right atrium 94 and the left atrium 92. In
addition, one or more sensors 26 (one shown) may be provided on the distal end 24 that
may be coupled to the septum 91, e.g., to provide signals corresponding to the pressure
within the left atrium 92. One or more wires or other conductors (not shown) may extend
between the proximal and distal ends 22, 24 to communicate the signals from the sensor(s)
26 to the controller 40.

Similarly, the second lead 30 may include a proximal or first end 32 coupled to the
housing 42 and a distal or second end 34 sized for introduction into the patient’s heart 90,
e.g., into the right atrium 94, through the tricuspid valve 95 into the right ventricle 96. The

second lead 30 includes an expandable member 36 on the distal end 34, e.g., offset
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proximally by a predetermined distance from a distal tip 35 of the second lead 30 such that
the expandable member 36 is located within the right atrium 94 and/or the tricuspid valve
95. As described further below, the expandable member 36 may be sized to expand and at
least partially fill a chamber or other body lumen within the patient’s body, e.g., within the
right atrium 94. Optionally, similar to the first lead 20, the second lead 30 may include one
or more features, ¢.g., a screw tip or other anchor (not shown), on the distal tip 35 to secure
the distal end 34 within and/or relative to the patient’s heart 90, e.g., the wall of the heart 90
within the right ventricle 96, similar to pacing leads.

Alternatively, the first and second leads may be provided on a single device with a
branched distal end (not shown), e.g., with the one or more sensors on a first branch and the
expandable member on a second branch of the lead, as described elsewhere herein.

In one embodiment, the expandable member 36 may be a compliant balloon
configured to expand between a collapsed configuration and one or more expanded
configurations, ¢.g., that at least partially fill the right atrium 94 (or other body lumen)
and/or occlude flow into or through a body lumen within or adjacent the heart 90, as
described further elsewhere herein. For example, the expandable member 36 may be a
balloon formed from an elastic material such that the balloon 36 may be inflated to a variety
of different expanded sizes, e.g., to change the volume the balloon 36 occupies within the
right atrium 94 and/or enhance sealing engagement between the balloon 36 and surrounding
tissue. Alternatively, the expandable member 36 may be a non-compliant balloon formed
from substantially inelastic material such that the balloon 36 expands to an expanded
configuration having a pre-configured shape and/or size.

In this embodiment, the second lead 30 may be a catheter including an inflation
lumen (not shown) extending between the proximal end 32 and the distal end 34 and
communicating with an interior of the balloon 36. The controller 40 may include a pump or
other source of inflation media (not shown) therein, which may be delivered into and/or
removed from the balloon 36 via the inflation lumen, e.g., to direct the balloon 36 between
the collapsed configuration and the one or more expanded configurations.

Alternatively, the expandable member 36 may be a mechanically expandable device,
which may expand and/or otherwise change shape in response to the controller 40. For
example, one or more cables or other actuator members (not shown) may extend between
the proximal and distal ends 32, 34 of the second lead 30, ¢.g., coupled to an actuator (not

shown) within the housing 42 and an expandable frame (e.g., covered by a membrane, not
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shown) or other structure of the expandable member 36. In this manner, the controller 40
may actuate the expandable member 36 to expand and collapse the expandable member 36
between one or more different sizes and/or shapes.

Optionally, the controller 40 may be part of a pacing system, which may include one
or more pacing electrodes (not shown) on one or both of the leads 20, 30, and/or other leads
(not shown) implanted within the patient’s heart 90. Examples of such systems and
components that may be incorporated into the systems described herein are disclosed in
U.S. Patent Nos. 4,467,807, 4,535,774, 5,447,524, 8,043,360, and &,406,879, and U.S.
Publication Nos. 2003/7159593, 2004/01 11006, 2005/0049692, 2006/0206029,
2010/0056999, 2010/0057192, 2011/0190874, and 2012/0165928. For example, a plurality
of electrodes (not shown) may be provided on the first and/or second leads 20, 30, as
desired, e.g., within the right atrium 94, the right ventricle 96, and/or elsewhere to provide
pacing signals to the heart 90. In an exemplary mode of operation, the controller 40 may
acquire signals from the pressure sensor(s) 26. In one embodiment, the sensor(s) 26 may
acquire electrical or other signals via the septum 91 that correspond to pressure within the
left atrium 92 or left ventricle 98. Alternatively, a pressure sensor on the distal end 24 may
be directed through the septum 91 into the left atrium 92 (not shown) to acquire pressure
data directly.

Based at least partially on the signals acquired by the sensor(s) 26, the controller 40
may expand the expandable member 36 to one or more desired sizes. For example, if the
expandable member 36 is a balloon positioned within the right atrium 94, the controller 40
may gradually increase and/or otherwise modify the size of the balloon 36 to at least
partially fill the right atrium 94. As the balloon 36 fills the right atrium 94, the volume may
be adjusted to reduce or otherwise provided a desired pressure gradient across the
expandable member 32. Alternatively, the balloon 36 may be expanded within the tricuspid
valve 95 to induce a pressure gradient across the valve 95, i.e., from the right atrium 94 into
the right ventricle 96.

The resulting pressure gradient resulting from the expandable member 36 may cause
blood volume to translocate from the pulmonary artery 97, lung circulation (not shown), left
atrium 92, and/or left ventricle 98 to the venous system behind the expandable member 36.
In this manner, the controller 40 may adjust the size and/or configuration of the expandable
member 36 over time, ¢.g., based upon cardiac output trends and/or pressure measurements

within the left atrium 92 or left ventricle 94 and, optionally based on activity level or other
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aspects of the patient’s condition. However, such adjustments may be independent of heart
beat, i.e., the expandable member 36 may not expand and collapse in synchronization with
beating of the heart 90, but instead may be maintained at a desired size, which then be
adjusted slowly over time based on pressure changes. For example, the controller 40
substantially continuously or periodically or otherwise intermittently acquire pressure data
and adjust the size of the expandable member 36 at a rate substantially slower than the
patient’s heart rate, ¢.g., over multiple heart beats, seconds, or minutes.

Furthermore, in patients with volume overload, providing more pre-load to the right
ventricle 96 may cause an increase in right ventricular afterload with no change in cardiac
output. This may result because the left ventricle 98 is on the “flat” part of the Frank-
Starling curve. Providing more pre-load to the right ventricle 96 therefore results in higher
intracardiac filling pressures but no change in cardiac output. Unlike conventional
treatments, when the expandable member 36 decreases the pressure gradient and thereby
increases the filling pressure to the right ventricle 96 without a change in cardiac output (for
example by measuring electrical impedance change from electrodes 82), these
measurements may be used to identify the heart 90 is not benefitting from additional filling
pressure. In addition, the system 10 may monitor changes in pulmonary or left-sided filling
pressures in response to small changes in right ventricular filling pressures, thereby again
identifying when the heart 90 is not benefitting from the additional filling pressure without
measuring changes in cardiac output. In these circumstances, the controller 40 may be
programmed to change the expandable member 36 to re-increase the pressure gradient, e.g.,
in order to collect more extrancous blood volume to the high capacitance venous system
below the expandable member 36. In these examples and others, the system 10 may
identify the optimal filling pressure and/or heart rate in order to optimize the cardiac output
without causing significant elevations in left-sided filling pressures.

Optionally, the controller 40 may include one or more communication devices, ¢.g.,
a transmitter and/or receiver, for communicating with external devices (not shown). For
example, the controller 40 may transmit one or more of pressure, heart rate, and cardiac
output data to an external recording device, which may be used to monitor the patient over
time. In addition or alternatively, the controller 40 may be sent instructions from an
external device, e.g., to change parameters related to operation of the expandable member
36, pacing parameters, and the like.

Turning to FIG. 2, another exemplary embodiment of a system 110 is shown that
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may be implanted within a patient’s body, ¢.g., to determine the heart rate and/or the
pressure gradient based at least in part on the measured pressures or impedance
measurements. Generally, the system 110 includes one or more leads, e.g., a first or flow
impedance lead 130 and a second or pacing/sensing lead 150, and a controller 140, similar
to other embodiments herein.

The controller 140 generally includes one or more processors, memory, and/or other
components (not shown) sealed within a housing 142, which may be sized to be implanted
within the patient’s body, e.g., outside but adjacent to the heart 90. The housing 142 may
include one or more additional components for operating the system 110, such as a battery
or other power source, one or more transmitters and/or receivers, and the like (all not
shown). Optionally, an accelerometer may be provided, e.g., also within the housing 142
and coupled to the controller 140 to measure changes in patient movement, which may be
used to estimate patient activity.

The controller 140 is generally coupled to the leads 130, 150 to receive sensory data
from the heart 90 and/or deliver therapy to the patient. In one embodiment, the second lead
150 includes a proximal end 152 coupled to the housing 142 and a distal end 154 sized for
introduction into the patient’s heart 90, e.g., into the right ventricle 96. The second lead 150
includes one or more right ventricular pacing electrodes 156 (one shown) on the distal end
154, which may be coupled to controller 140, e.g., to measure heart electrical activity and/or
to pace the right ventricle 96. In addition, the second lead includes a plurality of sensors
158 coupled to the controller 140 to measure electrical impedance, e.g., between pairs of the
sensors 158 and/or other pacing components of the system 10, such as the RV pacing
electrode 156 and/or the right atrial pacing electrode (not shown). The controller 140 may
use changes in the impedance measurements to estimate right ventricular volume, e.g., to
determine stroke volume. The cardiac output of the right ventricle 96 approximates the
cardiac output of the left ventricle 98, and, therefore, the total cardiac output may be
estimated by measuring the impedance changes along the sensors 158. Optionally, the
controller 140 may also be connected to a pacing lead (not shown), e.g., positioned within
the right atrium (94) to sense and pace the heart atria.

The first lead 130 may include a proximal end 132 coupled to the housing 142 and a
distal end 134 sized for introduction into a body lumen, similar to other embodiments
herein. The distal end includes a flow impedance device 136 that may be controlled by the

controller 40 to induce a pressure gradient to blood flow through the device 136, such as
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located in the inferior vena cava 92. The flow impedance device 136 may be configured to
control the pressure gradient in a variety of methods, as described further elsewhere, ¢.g.,
with reference to FIG. 3. Configuration changes in the flow impedance device 136 may
translocate more total body blood volume to the high capacitance located behind the flow
impedance device 136.

The first lead 130 may also include a sensor 138 on the distal end 134 distally
beyond the flow impedance device 136. The sensor 138 may be coupled to the controller
140 to measure the pressure of blood beyond the flow impedance device 136, e.g., upstream
within the inferior vena cava 92.

Similarly, the right ventricular lead 150 may also include a sensor 159 on the distal
end 154 coupled to the controller 140 and configured to measure the pressure within the
right ventricle 96. In one embodiment, the sensor 159 may be configured to measure
pressure waveforms within the right ventricle 96 and the controller 140 may use waveform
analysis to estimate the pressure waveforms in the pulmonary artery 97. Utilizing estimates
of cardiac output and pulmonary artery pressure waveforms may be used to estimate the
pressure of the left atrium 92 and left ventricle 98 e.g., as described elsewhere herein.

Using the estimates of intracardiac filling pressures from the pressure recordings
determined from the sensor 159 and estimates of the cardiac output from measurements
along the sensors 156, the controller 140 may adjust the pressure differential from the flow
impedance device 136 and/or pacing from the pacing electrode 156 with the resulting
changes in cardiac output and filling pressure monitored and recorded. For example, from
these measurements, the optimal pressure differential, heart rate, and/or cardiac output may
be determined and implemented.

In another exemplary embodiment, when the pacing lead 150 is introduced to pace
the right ventricle 96, the pacing electrode 156 may be positioned along the base, the
septum, or the outflow tract of the right ventricle 96. Since the balance of ventricular
function is more important than the absolute pumping function, pacing the heart 90 at
different locations may worsen right ventricular stroke volume. Therefore, in circumstances
where the right ventricular function exceeds the left ventricular function, pacing of the right
ventricle 96 at different locations may cause irregular activation of the right ventricle 96 in
order to equalize the function of each ventricle. The method may lower left-sided filling
pressures.

Turning to FIG 3, an exemplary embodiment of a flow impedance or pressure
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differential device 136 is shown that may be provided on the first lead 130. As shown, the
flow impedance device 136 generally includes an inner membrane 136a and an outer
membrane 136b, which are sized and/or otherwise configured to be placed within the
inferior vena cava 92, e.g., using a percutancous method. The inner and outer membranes
136a, 136b may be concentrically disposed relative to one another such that the inner
membrane 136a defines an inner flow passage 136¢ through the flow impedance device 136
and a region 136d is defined between the inner and outer membranes 136a, 136b, ¢.g.,
having an annular or other shape.

The flow impedance device 136 also includes a pressure control mechanism 136e,
e.g., disposed within the region 136d and an electrical motor or other actuator 136f coupled
to the pressure control mechanism 136e. For example, the actuator 136f may be coupled to
the controller 140 (shown in FIG. 2) for operating the pressure control mechanism 136d
within the flow impedance device 136, ¢.g., by converting electrical energy from the
controller 140 to cause a mechanical change in the pressure control mechanism 136e¢.

In exemplary embodiments, the pressure control mechanism 136¢ may be
configured for changing one or more of the cross sectional area to the inner flow passage
136¢, changing the direction or length of blood flow, requiring pressure from below the
flow impedance device 136 to move or change an aspect of the pressure control mechanism
136¢, and/or changing the orientation of the pressure control mechanism 136e. For
example, the pressure control mechanism 136e may include a set of struts or other structures
that mechanically expand or contract to cause the inner membrane 136a to move inwardly
or outwardly relative to the inner flow passage 136¢, thereby constricting or opening the
inner flow passage 136¢. Using one or more of these mechanisms, the flow impedance
device 136 may induce a pressure gradient such that the mean pressure across the flow
impedance device 136 may be controlled. Because the capacitance of the venous system
connected to the inferior vena cava 92 below or upstream of the flow impedance device 136
is much higher than the arterial system, small changes in the pressure gradient result in a
large translocation of blood volume from the pulmonary and arterial system to the venous
system below or upstream of the flow impedance device 136 and/or inferior vena cava 92.
Thus, the operation of the flow impedance device 136 may result in an effective
“mechanical diuresis.”

FIG. 4 shows exemplary pressure recordings obtained during experiments in which a

pressure differential was created along a device placed in the inferior vena cava 92, similar
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to the flow impedance device 136 shown in FIG. 3. The pressure differential imposed
across the device was approximately 3mmHg. The subsequent intracardiac filling pressures
revealed a reduction in right atrial pressure, a reduction in pulmonary artery pressures, and a
reduction of left atrial pressure. Thus, with the pressure differential, a higher cardiac output
was created and a higher flow resulted through the flow impedance device.

FIGS. 5A and 5B are tables showing published data relating left atrial pressure to bi-
ventricular pacing. As can be seen, bi-ventricular pacing is associated with a reduction in
left-sided filling pressures. This is likely the primary method by which bi-ventricular
pacing improves symptoms and exercise capacity. An interactive device that can maintain
intra-cardiac pressures may achieve similar benefits of bi-ventricular pacing. Therefore,
patients who are not candidates for bi-ventricular pacing may benefit from an interactive
device that creates a pressure differential to blood flow.

FIG. 6 is a graph showing computer modeling data relating discordant bi-ventricular
function to cardiac output, left atrial pressure, and left atrial plus pulmonary circulation
blood volume. As can be appreciated, the relationship between ventricular function is more
important in determining intra-cardiac filling pressures compared to absolute ventricular
function. Therefore, a device that monitors the function of the heart and intracardiac filling
pressures may be able to alter the heart rate and intracardiac filling pressures in order to
help to balance ventricular function to improve optimize cardiac output and intracardiac
filling pressures.

Turning to FIG. 7, an exemplary method is shown in which pressure measurements
from the right ventricle, obtained at step 72, e.g., using any of the systems described herein,
may be combined with cardiac output measurements in order to estimate the left-sided
pressure waveform. At step 74, the pressure waveform from the right ventricle may be used
to estimate the pulmonary artery (PA) diastolic pressure (which is the pressure when the
right ventricular volume begins to decrease) as well as the pulmonary artery (PA) systolic
pressure (which is the peak pressure measured in the right ventricle).

At steps 75 and 76, the heart rate and cardiac output (again obtained using any of the
systems herein) may then be used to estimate the rate of pressure decline (dp/dt), which may
be used to estimate left-sided diastolic pressure waveforms, at step 77. Furthermore, by
combining systolic waveforms with estimates of stroke volume, left-sided systolic
waveforms may be estimated at step 78. Therefore, the maximum left-sided filling

pressures and effective left-sided filling pressures (LVEDP) may be estimated using any of
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the systems described herein.

FIGS. 8A and 8B are graphs that show how slight changes in heart rate and the
pressure differential may cause changes in both the estimate of left-sided filling pressures
(in mmHg) and the cardiac output (in liters a minute). Both the heart rate and the pressure
differential may be gradually changed over time, e¢.g., using the systems and methods
described herein. With any change, a few minutes may be required in order for the body to
create a new equilibrium, at which time the measurements may be recorded again. The
combinations of heart rate and pressure differential may be gradually altered in order to
create a series of relationships between the estimated left-sided filling pressures and cardiac
output. This curve may be determined for various levels of patient activity. Once the
optimal left-sided filling pressures to cardiac output is determined at the determined level of
patient activity and total body blood volume, the required heart rate and pressure differential
may be maintained.

FIG. 9 is a graph that illustrates an exemplary relationship between the
measurements obtained in FIG. 5 at one level of patient activity and total body blood
volume. As shown in FIG. 6, the estimated cardiac output may be determined for various
estimates of the left-sided filling pressure and the left ventricular end diastolic pressure
(LVEDP). The resulting curve shown in FIG. 9 is, in essence, the Frank-Starling curve for
this patient’s level of activity and volume status. Note that at lower pressures, an increase
in LVEDP results in an increase in cardiac output. However, at some point, increasing
LVEDP results in mild improvement in cardiac output. At high filling pressures, increasing
the LVEDP even more may actually decrease cardiac output. Increasing the cardiac output
may improve oxygen delivery to tissue and improve kidney function, which may help with
diuresis in heart failure patients. However, the LVEDP that optimizes cardiac output may
be significantly high to worsen respiratory status. Therefore, the slope relating the LVEDP
to the cardiac output may be used to estimate the optimal LVEDP and cardiac output. The
slope of the pressure/output curve may be adjusted and determined empirically by a
controller of the system at various levels of patient exercise.

Turning to FIG. 10, an exemplary method is shown for determining optimal heart
rate and/or pressure differential, e.g., using any of the systems described elsewhere herein.
The controller of the system may operate the flow impedance device and other components
to enable the desired data to be acquired and calculations to be performed.

Variations in heart rate and pressure differential are used in order to estimate the
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relationship between left-sided filling pressures and cardiac output. For example, at step
910, heart and pressure differentials obtained using the system, e.g., across the flow
impedance device 136 shown in FIG. 3, may generate hemodynamic data at a given level of
patient activity and intracardiac filling pressures. At step 912, the controller may then use
the slope of this relationship (e.g., as demonstrated in FIG. 9) to determine the optimal left-
sided filling pressure and cardiac output.

Optionally, at step 914, an accelerometer implanted in the patient’s body, e.g.,
within the housing 142 of the controller 140 shown in FIG. 2, may be used to identify the
patient’s level of activity. For example, the controller 140 may acquire data from the
accelerometer indicating that the patient is resting (e.g., no substantially signals from the
accelerometer) or active (or the controller 140 may determine various levels of activity
based on the signals from the accelerometer). In addition, at step 916, the controller 140
may identify the current level of flow impedance from the flow impedance device 136,
which may provide an estimate of the total body volume of the patient.

At step 918, the controller 140 may also determine the maximum allowable left-
sided filling pressure and minimum cardiac output allowable. These values may also be
dependent on the level of patient activity and the total body blood volume. That is, when
the patient is at an increased level of activity, the controller may accept a higher maximum
of left-sided filling pressure. At step 920, when the patient has an increased level of total
body volume (as evidenced by a high pressure differential), the minimum cardiac output
may be raised in order to encourage diuresis. At step 922, these values are then
incorporated into the algorithm generated by the controller and used to determine the
optimal heart rate and pressure differential, e.g., to optimize cardiac output and/or left
ventricular end diastolic pressure (LVEDP).

Once calibrated, pressure differential and heart rate may be anticipated based on
patient activity and intracardiac pressures in order to optimize filling pressures and/or
cardiac output. Over time, the decreased left atrium and left ventricle filling pressures may
lead to beneficial myocardial remodeling. This may improve myocardial function and/or
decrease arrhythmias and/or ectopic beats.

As a result of the systems and methods herein, diastolic and systolic function may
improve over time. Furthermore, device pacing and pressure control algorithms may be
developed to accelerate this process (similar to how exercise is known to improve diastolic

dysfunction).
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It will be appreciated that elements or components shown with any embodiment
herein are exemplary for the specific embodiment and may be used on or in combination
with other embodiments disclosed herein.

While the invention is susceptible to various modifications, and alternative forms,
specific examples thereof have been shown in the drawings and are herein described in
detail. It should be understood, however, that the invention is not to be limited to the
particular forms or methods disclosed, but to the contrary, the invention is to cover all

modifications, equivalents and alternatives falling within the scope of the appended claims.
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We claim:

1. A system to be implanted in the body of a patient with conduction discase
and/or heart failure configured to monttor and/or treat the patient, the system comprising:

at least one sensor configured to provide sensor data corresponding to pressures
within or near the patient’s heart;

at least one adjustable component configured to create a pressure gradient to blood
flow within or near the patient’s heart;

at least one pacing component configured to at least one of sense and pace the
patient’s heart; and

a coutroller configured for adjusting the function of at lcast one component based at

least in part on sensor data from the at least one sensor.

2. The system of claim 1, further comprising at [east one additional sensor
configured to provide sensor data corresponding to the stroke volume or cardiac output of

the patient’s heart.

3. The system of claim 2, further wherein the at least one additional sensor
compriscs a plurality of electrodes configured to measure changes in electrical impedance

that correlate with changes in blood volume.

4. The system of claim 3, wherein the controlier 1s coupled to the plurality of
clectrodes and configured to estimate cardiac output of the patient’s heart by measuring the

changes in clectrical mpedance from the plurality of electrodes.

5. The system of claim 4, further comprising at least onc catheter comprising
the plurality of clectrodes spaced apart along a distal end of the catheter capable of

measuring electrical impedance.

6. The system of claim 2, wherein the at least one additional sensor comprises a
flow scensor capable of measuring the blood oxygen saturation.
7 The systemn of claim |, wherein the at lcast one sensor is configured to be

focated in one of the patient’s pulmonary artery, right atrtum, superior vena cava, inferior
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vena cava, right ventricle, left atrium, and coronary sinus,

8. The system of claim 2, wherein the controlier 15 configured to estimate left-
sided filling pressures within the patient’s heart by analyzing sensor data from at least two

SCNSOTrsS.

9. The system of claim 1, further comprising a second sensor configured to

correspond to pressure proximal to the at least one adjustable component.

10.  The system of claim 1, wherein the at least one adjustable component s
configured to be placed percutancously and expanded in the vena cava with a mechanism to
mduce a pressure gradicut along a flow passage through the at least one adjustable

component.

11, The system of claim 10, wherein the at least one adjustable component

comprises one of a balloon expandable mechanism and a self-expanding racchanism.

2. The system of claim 10, wherein the at least one adjustable component i
connected to an electrical rootor configured to induce changes to the at least one adjustable

component to modify a pressure differential across the at least one adjustable component.

13, The system of claim 10, wherein the controller is coupled to the at least one
sensor and 1s configured to utilize changes in blood pressure to induce a mechanical change
in the at least one adjustable component in order to maintain or change the mean pressure

differential across the at least one adjustable component.

14, The system of claim [, wherein the at least one adjustable component is
contfigured to create a pressure gradient by at feast one of the following:

1. adjusting blood flow impedance across the tricuspid valve;

ii. decreasing the size of the right ventricle;

iii. adjusting blood flow impedance through the superior vena cava;

iv. adjusting blood flow impedance through the inferior vena cava;

v. adjusting blood flow impedance through the azigous vein;
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vi. adjusting blood flow impedance through the right ventricle or tributary;

vii. adjusting blood flow impedance through the pulmonary valve and/or pulmonary
artery; and

viil. adjusting blood flow impedance from the left atrium into a lower pressure
conduit;

and wherein the controller is configured to adjust blood flow impedance within the
patient’ heart by at least one of:

1. inflating a balloon;

ii. where the at least one adjustable component has a certain shape comprising a
doughnut shaped structure, modifying where blood flows through the at least one adjustable
component;

iii. changing the size or orientation of a shunt;

iv. shunting the direction of blood flow;

v. adjusting the size of a conduit;

vi. using a rotating propeller;

vii. adjusting the cross-sectional area of blood flow; and

viil. adjusting a valve, where the valve includes one of a ball valve, shutter valve,
butterfly valve, diaphragm valve, gate valve, globe valve, knife valve, spool valve, thermal

expansion valve, and a pressure reducing valve.

1S. The system of claimn 14, wherein the at least one adjustable coraponent is

configured to be located in the patient’s inferior vena cava above or below the renal veins.

16.  The system of claim 1, further comprising at least one sensor configured to

correlate with patient activity.

17. The systemn of claim 1, wherein the controller is configured to change the
function of at least one component in order to at least oune of assess and record changes from

at least one sensor component.

I8, The system of claim 17, wherein the controller is configured to determine the
function of at least one component based on changes in sensor data in responsc to changes

in function of at least one component.
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19.  The system of claim 18, wherein the controller is configured to maintain a

minitnum acceptable cardiac output and a maximally allowable left-sided filling pressure.

20.  The systemn of claim 19, wherein the controller 1s configured to maintain a
minimum acceptable cardiac output and a maximally allowable [eft-sided filling pressure

based at lcast in part on sensor data.

21, The systemn of claim |, wherein the at least adjustable component is

contfigured to reduce the effective filling volume of the patient’s right ventricle.

22 The system of claim 1, further comprising a transmitier for transmitting at
least one of seusor data and system functioning details to a location outside of the patient’s

body.

23, The system of claim 1, further cornprising a recetver for receiving
comruunications from a device outside the patient’s body, the controller configured to adjust

functionality of the system based at least in part on the communications.

24.  The system of claim 1, wherein the at least adjustable component is

configured to be located outside of a blood vessel within the patient’s body.

25.  The system of claim |, further comprising:
one or more pacing electrodes, and
wherein the controller 1s configured to adjust the pacing parameters of the one or

more pacing clectrodes in respouse to sensor data.

26.  The system of claim 1, further comprising an elongate member including a
proximal end coupled to a housing containing the one or more processors and a distal end
sized for introduction into the patient’s heart, and wherein the at least one sensor and the at

least one adjustable component are carried by the elongate member.

27.  The system of claim 26, wherein the elongate member comprises a first
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branch on the distal end carrying the at least one pressure sensor, and a second branch on

the distal end carrying the at least one adjustable component.

28.  The system of claim 27, wherein the elongate member comprises a catheter
including an inflation lumen extending between the proximal end and the second branch,
and wherein the at least one adjustable component comprises a balloon comprising an
interior communicating with the inflation lumen for delivering and removing inflation

media into and from the interior.

29.  The system of claim 27, wherein the elongate member comprises a catheter
including first and second inflations lumen extending between the proximal end and the
second branch, and wherein the at least one adjustable component comprises a first balloon
comprising a first interior communicating with the first inflation lumen and a second
balloon comprising a second interior communicating with the second inflation lumen such
that inflation media may be delivered into and removed from the first and second interiors

to independently expand and collapse the first and second balloons.

30.  The system of claim 26, further comprising an actuator member extending
from the elongate member proximal end to the second branch, and wherein the at least one
adjustable component comprises a mechanically expandable member coupled to the

actuator member for selectively expanding and collapsing the expandable member.

31.  The system of claim 1, wherein the at least one adjustable component is
partially fabricated from one or more of animal tissue, Nitinol, synthetic fluoropolymer,

stainless steel, chromium compounds, and various polyesters.

32.  The system of claim 1, wherein the controller is configured for adjusting the
function of at least one adjustable component based at least in part on prior recordings from

the system and current recordings from at least one sensor.

33.  The system of claim 1, wherein the system further comprises one or more
leads configured for at least one of anti-tachycardial pacing function and cardiac

defibrillator functions.
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34.  The system of claim 1, wherein the system comprises one or more leads

configured for dual pacing or bi-ventricular pacing functions.

35. A system to be implanted in the body of a patient with conduction discase
and/or heart fatlure configured to monitor and/or treat the patient, the system comprising:

a first clongate member comprising a first distal end sized for introduction into a
patient’s heart, and one or more sensors on the first distal end configured to provide sensor
data corresponding to pressures within a chamber of the patient’s heart;

a second clongate member comprising a second distal end sized for introduction into
the patient’s inferior vena cava, and an adjustable pressure differential device carried on the
second distal end counfigured to create a pressure gradicnt to blood flow within or near the
patient’s heart; and

a controlier coupled to the onc or more sensors and the pressure differential device
and configured for adjusting the pressure differential device based at least in part on sensor
data from one or more sensors to adjust at least one of intracardiac filling pressures and

cardiac output of the patient’s heart.

36.  The system of claim 35, wherein the controller is contained within a housing
implanted within the patient’s body outside the patient’s heart, wherein the first elongate
member comprises a first proximal end coupled to the housing generally opposite the first
distal end, and wherein the second elongate member comprises a second proximal end

coupled to the housing generally opposite the second distal end.

37.  The system of claim 35, wherein the controller is contained within a housing
implanted within the patient’s body outside the patient’s heart, wherein the first and second
clongate members extend from a distal of a catheter, and wherein a proximal end of the

catheter is coupled to the housing.

38.  The system of claim 35, further comprising a pacing lead comprising a third
distal end sized for introduction into the patient’s heart, and a plurality of electrodes on the
third distal end coupled to the controller ¢ to at least one of sense and pace the patient’s

heart.
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39.  The system of claim 35, wherein the pressure differential device comprises a
balloon.
40.  The system of claim 35, wherein the pressure differential device comprises a

tubular member sized for implantation in the patient’s inferior vena cava.

41.  The system of claim 40, wherein the tubular member comprises a flow
passage therethrough allowing blood flow through the tubular member from the inferior
vena cava into the patient’s heart, and wherein controller is coupled to an actuator for
adjusting a size of the flow passage to generate a pressure differential across the tubular

member to selectively sequester blood within the patient’s venous system.

42.  The system of claim 41, further comprising a pressure sensor on the second
distal end between the tubular member and a distal tip of the second elongate member, the

controller coupled to the pressure sensor for determining the pressure differential.

43. A method for monitoring and/or treating a patient with conduction disease
and/or heart failure, comprising:

implanting a first elongate member within the patient’s body such that a first distal
end thereof is positioned within a chamber of the patient’s heart;

implanting a second elongate member within the patient’s body such that an
adjustable pressure differential device on a sceond distal end thereof is positioned within the
patient’s inferior vena cava;

acquiring data from one or more scnsors on the first distal end to estimate pressures
within a chamber of the patient’s heart;

adjusting the pressure differential device based at least in part on sensor data from
the one or more sensors to adjust at least one of intracardiac filling pressures and cardiac

output of the patient’s heart.



WO 2015/109028 PCT/US2015/011474

110

SUBSTITUTE SHEET (RULE 26)



WO 2015/109028 PCT/US2015/011474

e

\\\\\\\ 92

S
RN

80

v

a4
' X \\_\i‘
150

13479 _

SUBSTITUTE SHEET (RULE 26)



WO 2015/109028 PCT/US2015/011474

136f _

P
ook
" oo 55
gy o e & .
y & £, o cins, P
7
\ 7
3 'I:

=
¥
Y
%
¥
2
&

SUBSTITUTE SHEET (RULE 26)



WO 2015/109028 PCT/US2015/011474

SUBSTITUTE SHEET (RULE 26)



PCT/US2015/011474

WO 2015/109028

(96 314) 4o pue

(¥S 8i4) uo Sujoed JejNdLIIUBAIG YHM ‘[elY 4H-dOLdYT 9yl ul
pajjodus usiied e ul {(MoJ wooq) s8uipiosal {dyl) ainssaad
[eLi1e 149 8yl pue (mod doi) sweldoaios|s oeipieseliul syl

SUBSTITUTE SHEET (RULE 26)




PCT/US2015/011474

10

B

)
by

o

AN
YIAl b

WO 2015/109028

SUBSTITUTE SHEET (RULE 26)



PCT/US2015/011474

WO 2015/109028

£ "Dl

7

8i

LLIGL AR 3NS5 g

D01 J0 UORRUIIEY

L Asm aunyssand

5-13{ 23EIGEY

{agosep
W PUR 20ISAS i U
paseq uo paseq ip/dn
L0 UOLBLELSS S8 4ons)
duissanoid WUDIBABAR

210154 Bunnp
1 uliog@aem ainsssid
a7 YL~
wding
SEICIET OSBRI SEY LEIH

Tl

SUBSTITUTE SHEET (RULE 26)



PCT/US2015/011474

WO 2015/109028

9'€
L'E

inding ..

OBIpIRD O
iy

810

9t
L't

a't
INdINO ¢

JeipJe) o
'y

0t

48 "Dl

(SHWW) [equalayig 24nssald

Fre 01 0

Ve Ol
(Ndg) 218y 1eay
08 0L 09
®

L1
81
61
0c
17
[

oo

e [(FHwuw)
SaInssald
guiy
Popis-1a)
pO1EWINST

® (JHwuw)
$2INSsa4d
3ulljy
PepIs-i9)
polRwWLS]

SUBSTITUTE SHEET (RULE 26)



PCT/US2015/011474

WO 2015/109028

910

6 B
(SHww) JAG AT parewnsy

‘SIUBLUBINSEIW
sinssasd syl 01 Indingo JeIpJed aul jo
adogs a4yl Ag paUILLIBISP ST 4Oaal rwndo
syl ‘suogausyy {Ausedes asiaxs sned
uasIom Auediiudis ABw UYDIYM) 4GIAT Ul
aseaous a8ie) syl 0} pasedwod jpuiuiw
ag Apud INAING 2BIDUED U JUSWBACIT UL
U3 “Uaasmoy ndino aeipdes ssesiou
Aeut aunssadd JQIAT DRIBWIASS BUISEBIDUY

dd4MT O
ndino seypaed o sdolg

(urw/sIi))
wﬁm@ﬁ@
DEIPIED)

SUBSTITUTE SHEET (RULE 26)



PCT/US2015/011474

WO 2015/109028

10/10

01 '9id

44!

4GEAT pue nding oeple]
B O3 IBRUSIBLIG BIN5SRLd
pUR P18y 1284 10 UDHEUILLBIRQ

0c6

{AJALE B0 pasedq isnipe ues)
AUAAT SIGEMOHE WINUIERHY

A

A

{BUWNoA
Apog 103 ue pased snipe ueal

INGING DRINIED BULMOYE LINULULA

A

816

{aouppadull MOy 0 JUNOWE 343 pue
BEENs 01 sisnipe pue SgBRWIRIBog)
A0ast o ding cvipaes sul o adog

A,

16

{J213W0I3]3008 39}
Apnanoe auaned 10 JOUHUOK

i

016

{Buinjon Apog
2301 J0 sSnBl) suepadul

¥

PACHE 1O [RAS] JURLINT

seunssasd Suify oRipaeaeiy
pue Apnangoe usged 10 o)

uzAld 2 38 B38p 2URUADOWSY
&w&uwm USBLID aanssasd
B 31BS BB U} SLUOLBIIEA

SUBSTITUTE SHEET (RULE 26)



INTERNATIONAL SEARCH REPORT International application No.
PCT/US2015/011474

A. CLASSIFICATION OF SUBJECT MATTER
A61B 5/024(2006.01)i, A61B 5/0295(2006.01)i, A61B 5/0402(2006.01)i

According to International Patent Classification (IPC) or to both national classification and [PC
B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
AG61B 5/024; A6IN 1/362; A6IN 1/368; A61M 29/00; A61M 31/00; A61B 5/02; A61M 1/12; A61N 1/365; A61B 5/0295; A61B 5/0402

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
cKOMPASS(KIPO internal) & Keywords: heart, pressure, balloon, catheter

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

Y US 2004-0111006 A1 (CLIFTON A. ALFERNESS et al.) 10 June 2004 1-42
See abstract, paragraphs [0032]-[0051],[0065], claims 1-17 and
figures 1-6,13,14.

Y US 2008-0195167 A1 (TIMOTHY J. RYAN) 14 August 2008 1-42
See abstract, paragraphs [0026]-[0054],[0084], claims 1-5,10-14 and
figures 2-5.
Y US 2006-0064059 A1 (MARK GELFAND et al.) 23 March 2006 6,9,21,30,41,42
See abstract, paragraphs [0026]-[0035], [0047]-[0051], claims 1-9 and
figures 1-3.
A US 2003-0130581 A1 (RODNEY SALO et al.) 10 July 2003 1-42

See abstract, paragraphs [0032]-[0042], claims 1-11 and figures 1-3.

A US 2009-0318749 A1 (CRAIG STOLEN et al.) 24 December 2009 1-42
See abstract, paragraphs [0048]-[0058],[0064]-[0068] and figures 3A-6,8A.

. . . . N .
|:| Further documents are listed in the continuation of Box C. See patent family annex.

* Special categories of cited documents: "T" later document published after the international filing date or priority
"A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand

to be of particular relevance the principle or theory underlying the invention
"E" carlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be

filing date considered novel or cannot be considered to involve an inventive
"L"  document which may throw doubts on priority claim(s) or which is step when the document is taken alone

cited to establish the publication date of another citation or other "Y" document of particular relevance; the claimed invention cannot be

special reason (as specified) considered to involve an inventive step when the document is
"O" document referting to an oral disclosure, use, exhibition or other combined with one or more other such documents,such combination

means being obvious to a person skilled in the art
"P"  document published prior to the international filing date but later "&" document member of the same patent family

than the priority date claimed
Date of the actual completion of the international search Date of mailing of the international search report

14 May 2015 (14.05.2015) 14 May 2015 (14.05.2015)
Name and mailing address of the ISA/KR Authorized officer e
International Application Division s*‘\\\\k W=
. Korean Intellectual Property Office
N
189 Cheongsa-1o, Seo-gu, Dagjeon Metropolitan City, 302-701, KIM, Tae Hoon

R Republic of Korea &
Facsimile No. ++82 42 472 7140 Telephone No. +82-42-481-8407 I

Form PCT/ISA/210 (second sheet) (January 2015)



INTERNATIONAL SEARCH REPORT International application No.
PCT/US2015/011474

Box No. Il Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. Claims Nos.; 43
because they relate to subject matter not required to be searched by this Authority, namely:

Claim 43 pertains to methods for treatment of the human body by therapy, as well as diagnostic methods, and thus relate to a
subject matter which this International Searching Authority is not required, under Article 17(2)(a)(i) of the PCT and Rule
39.1(iv) of the Regulations under the PCT, to search.

2. Claims Nos.:
because they relate to patts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. |:| Claims Nos.:
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

1. |:| As all required addtional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. |:| As all searchable claims could be searched without effort justifying an additional fees, this Authority did not invite payment
of any additional fees.

3. |:| As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4, |:| No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest |:| The additional search fees were accompanied by the applicant's protest and, where applicable, the
payment of a protest fee.
The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.
|:| No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (January 2015)



INTERNATIONAL SEARCH REPORT
Information on patent family members

International application No.

PCT/US2015/011474

Patent document Publication Patent family Publication

cited in search report date member(s) date

US 2004-0111006 Al 10/06/2004 None

US 2008-0195167 Al 14/08/2008 AU 2007-339422 Al 10/07/2008
AU 2007-339422 B2 13/10/2011
EP 2100217 A2 16/09/2009
US 2010-0013624 Al 21/01/2010
US 2010-0113945 Al 06/05/2010
US 8094004 B2 10/01/2012
WO 2008-082435 A2 10/07/2008
WO 2008-082435 A3 21/08/2008
WO 2009-086414 A2 09/07/2009
WO 2009-086414 A3 24/09/2009

US 2006-0064059 Al 23/03/2006 None

US 2003-0130581 Al 10/07/2003 AT 402735 T 15/08/2008
AU 2003-202857 Al 24/07/2003
EP 1463561 Al 06/10/2004
EP 1463561 B1 30/07/2008
US 2004-0138571 Al 15/07/2004
US 2008-0300643 Al 04/12/2008
US 6666826 B2 23/12/2003
US 7409244 B2 05/08/2008
US 8571657 B2 29/10/2013
WO 03-057315 Al 17/07/2003

US 2009-0318749 Al 24/12/2009 EP 2331194 A2 15/06/2011
EP 2331194 B1 07/03/2012
EP 2331195 Al 15/06/2011
EP 2331196 Al 15/06/2011
EP 2331197 Al 15/06/2011
JP 05-282142 B2 04/09/2013
JP 05-296201 B2 25/09/2013
JP 05-357251 B2 04/12/2013
JP 2011-524786 A 08/09/2011
JP 2011-524787 A 08/09/2011
JP 2011-524788 A 08/09/2011
JP 2011-524789 A 08/09/2011
US 2009-0318943 Al 24/12/2009
US 2009-0318984 Al 24/12/2009
US 2009-0318989 Al 24/12/2009
US 2009-0318990 Al 24/12/2009
US 2009-0318991 Al 24/12/2009
US 2009-0318992 Al 24/12/2009
US 2009-0318993 Al 24/12/2009
US 2009-0318994 Al 24/12/2009
US 8244352 B2 14/08/2012
US 8457738 B2 04/06/2013
US 8639357 B2 28/01/2014

Form PCT/ISA/210 (patent family annex) (January 2015)



INTERNATIONAL SEARCH REPORT
Information on patent family members

International application No.

PCT/US2015/011474
Patent document Publication Patent family Publication
cited in search report date member(s) date
WO 2009-154718 Al 23/12/2009
WO 2009-154720 Al 23/12/2009
WO 2009-154722 Al 23/12/2009
WO 2009-154725 A2 23/12/2009
WO 2009-154725 A3 25/02/2010
WO 2009-154729 Al 23/12/2009
WO 2009-154730 Al 23/12/2009
WO 2009-154732 Al 23/12/2009

Form PCT/ISA/210 (patent family annex) (January 2015)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - claims
	Page 26 - claims
	Page 27 - claims
	Page 28 - claims
	Page 29 - claims
	Page 30 - claims
	Page 31 - claims
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - wo-search-report
	Page 43 - wo-search-report
	Page 44 - wo-search-report
	Page 45 - wo-search-report

