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SYSTEMS AND METHODS FOR CONTROLLING A HEARTPUMP TO
MINIMIZE MYOCARDIAL OXYGEN CONSUMPTION

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims pricrity to and the benefit of U.S. Patent Application No.

W

16/050,542, filed July 31, 2018, and entitled “Systers and Methods for Controliing a Heart Pump to
Minimize Myocardial Oxygen Consumption” The entire contents of the above-referenced application

18 incorporated herein by reference.
FIELD

0002} The present disclosure relates to systems for controlling a heart pumap and related methods
16 to treat patients with acute myocardial infarction {(AMI), and specifically to a closed feedback control
system for controlling the operation of a heart pump to maximize mechanical unloading of the left
ventricle (LV) doring treatment of AMI patients and minimize myocardial oxygen consumption

(MVO,) and consequently infarct size to prevent the development of long term heart failure.
BACKGROUND

5 [G003] AMI, commonly known as a heart attack, can be a life-threatening condition that occurs
when blood flow fo the heart muscle is abruptly cut off, causing tissue darnage. Dead tissue, or infarct,
can form in the heart due to inadequate blood supply to an affected arca. AMI is usually the result of a
blockage in one or more of the coronary arteries. The coronary arteries carry oxygen rich blood to the
heart muscie. When these arteries become blocked or narrowed, the blood flow to the heart can decrease

206 significantly or stop completely.

[0004] AMI can require framediate medical treatment that restores blood flow through blocked
arteries, sometimes referred to as reperfusion therapy. Reperfusion therapy can include surgerv 1o
remove or circumvent a blockage, such as percutaneous coronary intervention (PCl), coronary
angioplasty, and bypass surgery, for example. Reperfusion therapy can alternatively or additionally
25 nclude administrations of different medications, including but not limited to thrombolvtics,

fibrinolviics, beta-blockers, and nitroglycerin,

[G005] In sorme AMI patients, heart purnps can be used to stabilize hemodynamics and make it
possible to perform safe and effective reperfusion therapy to salvage affected ischemic myocardium.
For example, recent clinical trials as well as basic investigations demonsirated that an L'V assist device
36 (LVAD) can be used to mechanically unload the LV by withdrawing blood from the LV and infusing
withdrawn blood into the aorta. Mechanical unloading can markedly reduce the work performed by the
LV and thus reduce MVO,. It has been observed that a reduction in MV, can reduce infarct size, i.e,

the area of dead tissue caused by a heart attack. The extent of infarct size reduction generally parallels
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the reduction in MVQO,.

{0006} Despite such a beneficial impact of mechanical anoading of the LV on AMI, its clinical
applications have yet to be established. In patients with chronic heart failure, manual control of LVAD
flow rate (¢.g., liters per mimute) can achieve stable hemodynamics. In AMI patients, however, cardiac
and hemodynamic conditions are inherently unstable because AMI can drastically change cardiac
contractility, vascular resistance, blood pressure, stressed volume, heart rate and/or the activity of
sympathetic and parasympathetic autonomic nervous sysiems in scconds, minutes, or hours, These
variabilities are known to strikingly influence hemodynamics. Therapeutic interventions, such as drug
therapy and reperfusion, can further induce complex dynamic modulation on those variables and results

10 complicated hemodynamics.

[GOO7] In the presence of such cardiovascular instability in AMI, it can be difficult, if not
impractical, to avoid mechanical unloading the LV too much or too little even with constant monditoring
or continuous manual precise adjustment of the LVAD flow rate. Mechanical undoading of the LV ata
flow rate a hittle higher than the filling rate coming from the pulmonary venous system can connlatively
reduce LV volume and eventually induce suction that can collapse the heart, trigger life-threatening
arrhythmias and seriously mnjure myocardivan. Conversely, mechanical unloading of the LV at a flow
rate a little less than the filling rate increases LV volume and MVO;, and thereby makes it difficult to
reduce infarct size of the LV, Therefore, manual control of a heart pump to optimally andoad the LV 15

impractical, ineffective, and potentially life thrcatening,

[0G08] Accardingly, there is a need for improved systems and related methods for treating AMI
paticnis using a heart pump controlled in a manner that oplimizes raechanical uelcading of the LV
regardless of the presence of cardiovascular instability, and thereby optimally redoces MVO: and infarct

s17e.
SUMMARY

{0009} The present disclosure is directed to various systems, devices, and methods for treating
AMI patients using a heart pump controlled in a manner that maximizes mechanical unloading of the
LV in the presence of cardiovascular instability and minimizes MVO; and consequentially infarct size

to prevent the development of subsequent heart failure.

066G 10} In one exerplary embodiment of a sy stem for controlling a heart pump, the system includes
a sensor configured to generate an output used to measure or calculate a left ventricular sy stolic pressure
(LSVP) within the left ventricle of a heart and a controller coupled to a heart pump and configured to
measwre or calenlate the LVEP based on the output of the sensor and 1o control an operation of the heart
purnp to maximize mechanical undoading of the left ventricle based on the measured or calculated
LVSP.
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[0011] In some embodiments, the controller can be configured to control one or more of a pump
speed and a flow rate of the heart pump, such that the LVSP within the left ventricle is maintained at a
target reference pressure. The target reference pressure can be set to a fraction of an end-systolic

pressure in a pormal ejecting beat, the fraction being between about 0.2 and about 0.4, The target

N

reference pressure can be set o a fraction of a mean aortic pressure, the fraction being between about
0.2 and about 0.4. The target reference pressure can be set o minimize a pressure-vohime arca (PVA)
of the left ventricle. For cxample, in some embodiments, the target reference pressure can be set to
minimize the PVA of the lefi ventricle by about 90% to about 97%. The target reference pressure can
be set to nupimize myocardial oxygen consumption (MVO,) of the left ventricle. For example, in some
10 embodiments, the target reference pressure can be set to minimize the MVO; of the left ventricle by

about 45% to about 48.5%.

[06612] In some embodunents, the controller can be configured o control pumnp speed and/or the
flow rate of the heart pump to maintain the LVSP at the {arget reference pressure based on a plant
transfer function that models changes in LVSP in response to changes in pump speed. For example, in
13 some embodiments, the plant transfer function can be a second order delay system with a time lag

defined as:

K .
H() = s exp(~2nf L)

where K is a gain, { a damping factor, fv is the natural frequency, and Lis the time lag. In some
crabodiments, the gain K can be equal to about 0.013 mmHg/rpm, the daraping factors { can be equal
26 to about 1.9, the natural frequency £ can be equal to about 0.41 Hz and the time lag L can be equal to

about 0.03 seconds.

[06013] In some embodiments, the controller can be configured fo control the purap speed and/or
the flow rate of the heart purap such that the LVSP reaches the target refererce pressure in less than a

clinically predetermined response fime and with an overshoot less than 10% of the target reference

N
>

pressure. The controller can be configured to control the pump speed and/or the flow rate of the heart
pump to maintain the LVSP at the target reference pressure when an open loop gain of the plant transfer
function changes by a factor of 16 or less. In some embodiments, the controller can include a
proportionat-iniegral controtler configured with a proporticnal gain equal to about 40, an integral gain
equal to about 20, and a derivalive gain equal to about 0. In some embodimentds, the controller can
30 nclude an adaptive control mechanism configured to update the plant transfer function and reconfigure
the controller to controf the pump speed and/or the flow rate of the heart pump in response o changes

in the plant transfer function.

(G014} In cue exemplary crobodiment of a method for treating an acute myocardial infarction
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(AMI) patient, the method includes measuring or calculating an LSVP within the LV of the heart of a
patient and controlling an operation of a heart pump to maximize mechanical unloading of the LV based
on the measured or calculated L.VSP. The heart pump is implanted in the heart to perform mechanically

unloading of blood from the LV into the aotta.

{0015} In some embodiments, controlling an operation of the heart pump can include controlling
one or more of a pump speed and a flow rate of the heart punp, such that the LVSP within the Jeft
ventricle is maintained at a target reference pressure. The target reference pressure can be set to a
fraction of an end-systolic pressure in a normal ejecting beat, the fraction being between about 0.2 and
about 0.4, The target refercnce pressure can be set to a fraction of a mean aortic pressure, the fraction
being between about 0.2 and about 0.4. The target reference pressure can be set to minimize a pressore-
volune area (PVA) of the left ventricle by about 90% to about 97%. The target reference pressurte can
be set to minimize myocardial oxy gen consumption (MVO;) of the left ventricle by about 45% to about

48.5%.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] The accompanying drawings, which are incorporated herein and constitute part of this
specification, illustrate exemplary embodiments, and together with the general description given above
and the detailed description given below, serve 1o explain the features of the various embodiments:
{06171 {0016} F1G. 1A illustrates the pressure-volume relationship of the LY duoring a cardiac
cycle using exemplary pressure-volume loops.

[0015] FIG. 1B illustrates an exemplary pressure-volume area (PVA) of the LV and represents the

total mechanical work of the LV in a single contraction.

[0019] FIG. 2 dlustrates the lincar relationship between PV A and MV(): in a single contraction

(e.g.. per beat).

[0020] FIGS. 3A-3F illustrate the effects of mechanical unloading of the LV by a heart pump on

hemodynaniics, pressure~-volume loops, PVA and LVSP.
0021} FIGS. 4A and 4B are schernatic iflustrations of an exemplary embodiment of a heart pump

suitable for mechanical nnloading of the LV.

[6G22] FIG. 3 is a schematic dllustration of one exeraplary enbodiment of a closed feedback beart
pump control systern for controlling a heart pump to maximize mechanical unloading of the LV

regardless of the presence of cardiovascular instability .

[0023] FIG. 6 illustrates exemplary step responses of LVSP under the control of the feedback heart

prrap control sysiem of FIG. 3.
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[0024] FIG. 7A illustrates exemplary performance of the feedback heart pump control system of

FIG. 5 inresponse to changes in target reference pressure values.

[0025] FIG. 7B illustrates exemplary performance of the feedback heart pump control system of

FIG. 5 in the stabilization of relevant metrics representing MV, consumption in the presence of major

n

LV volume perturbations.

{0026} FIGS. 8A and 8B illostrates the relationship between the PVA recruitment fraction and the

fractional LVSP to determine a target reference pressure.

(0027} FIG. 9 is a schematic iltustration of one exemplary embodiment of an adaptive feedback

heart pump control system.
16 DETAILED DESCRIPTION

[0028] Certain exemplary erubodiments will now be described to provide an overall understanding

of the principles of the structure, function, manufacture, and use of the systems, devices, and methods
disclosed herein. One or more examples of these embodiments are illustrated in the accompanying
drawings. Those skilled in the art will understand that the svstems, devices, and methods specifically

15 described berein and illustrated in the accompanying drawings arc non-limiting exemplary
crabodiments and that the scope of the present disclosure is defined solely by the claims. The features
illustrated or described in conrection with one exemplary cmbodiment may be combined with the
features of other embodiments. Such modifications and varations are intended to be included within

the scope of the present disclosure. In the present disclosure, like-nombered components of varicus

20 cmbodiments generally have similar features when those components are of a similar natore and/or
crve a similar purpose. A person skitled in the ast, in view of the present disclosure, will understand

various instances in which like-numbered components across various figures are akin.

0629} The present disclosure is direcied to varions systeras, devices, and methods for treating

AMI patienits vsing a heart pump controlled in a manner that maximizes mechanical unloading of the

N2
A

LV in the presence of cardiovascular instability and minimizes MV, and consequentially infarct size
A Y

to prevent the development of subscequent heart failure.

[0030] FIG. 1A illnstrates the pressure~volume relationship of the LV during a cardiac cycle. Each
of the pressure-volume loops 110 and 120 represents approximate LV pressure and LV volume
measwreraents during a complete cardiac cycle. A cardiac cycle. or heartbeat, can be divided into four
3¢ basic phases: veptricular filling 1190a, isovolursetric contraction 110b, systobic gjection 110c, asd
isovoluraetric relaxation 110d. It has been well established that the end-systolic pressure is linsarly
correlated with end-systolic volume and has been denoted as the end-systolic pressure-volume

relationship (ESVPR, line 130). ESPVR is substantially insensitive {o changes in loading conditions

W
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and its slope well represents ventricular condractility.

{6031} FIG. 1B ilfustrates an exemplary pressure-volume area (PVA) of the LV and represents the
total mechanical work of the LV in a single contraction. PV A is a specific area circumscribed by the

ESPVR and end-diastolic pressurc-volume curves (EDPVR) and the systolic segment (S8) of the

n

pressure-volume trajectory in contraction. Geometrically on the pressure-volume plane, PV A is the sum
of external work (EW) and potential energy (PE), i.e., PVA=PE+EW. As illustrated in FIG. 1A, the
PVA of a cardiac cycle and thus ventricular total mechanical work can be reduced by reducing the LV
end systolic pressure (LVSP). For example, reducing LVSP from LVSP 112 10 LVEP 122 reduces FVA
{e.g.. PVA 11510 PVA 125). Asdiscussed berein, a heatt purap can be used to reduce LVSP by reducing

10 the LV voluoe.

[0032] FIG. 2 illustrates the lincar relationship between PVA and MVO02 in a single contraction
(e.g., per beat). It has been well established that PVA lincarly correlates with MVO, (line 210).
Accordingly, a reduction in PVA {e.g., PVA 22010 PVA 222) reduces MVO2 (c.g., MV, 230 to MV(,
232). 1t bas been observed that a reduction in MV, can reduce infarct size, or the arca of dead tissue

1S caused by a heart atiack.

0033} FIGS. 3A-3F illustrate the effect of LV mechanical unloading by a heart pump on
hemodvnamics, pressure-volurme loops, PVA and LVSP. For example, FIGS. 34, 3B, and 3C illustzate
exemplary changes in LV pressures (LVP) and aortic pressure (AP) in time serics for different levels
of mechanical unloading of the LV, FIG. 3D illustrates excmplary pressure- volume loops Lo (no
20 mechanical unloading), Lp (partial mechanical wnloading), and LMAX (maxisum mechanical
unloading) corresponding to the respective changes in LVP. FIG. 3 A iltustrates exenplary LV pressure
(LVP) and aortic pressure (AP) with no mechauical unloading by a beart pump. As shown in FIG. 3B,
partial mechanical naloading can reduce aortic pulse pressure, but as evidenced by the pressure-volume

loop Lp in FIG. 3D, the LV remains ejecting. When mechanical nnloading becomes maxirnum, the LV

b2
W

no longer ejects, as shown by the pressure-volome loop Lmax in FIG. 3D, and the LV pressure LVE is
lower than aortic pressure AP, as shown in FIG. 3C. FIG. 3E shows that maximum unloading can make
PVA (PVAMAX) and thus MV02 very small. In AMI, the maximum unloading is the condition where
infarct size becomes minimum. However, mechanical unloading can almost suddenly and sharply drop
LVSP even under relatively stable hemodynamic conditions as shown in the normal and AMI canine
30 models for LVSPo and LVSPAMI in FIG. 3F. In AMI conditions, keeping the maximura unloading by
mamually controlling a heart punip can be umpractical if not impossible because cardiac and
hemodynanic conditions can be extremely dynamic and can change drastically. Thus, embodiments are
disclosed herein of a closed feedback control system for a heart pump that can be configured to keep a
predetermined target LVSP during mechanical unloading in the presence of hemedynamic instability

38 inberent to AMI conditions.
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[0034] FIGS. 4A and 4B are schematic illustrations of an exemplary embodiment of a heart purap
406 suitable for mechanical unloading of the LV, In the illustrated embodiment, the heart pump 400
can include an impeller pump 410, a punp motor 412, a blood inlet 414, and a blood outlet 416, In
some embodiments, the purap 400 can be disposed in a catheter 420, such that the heart pump 400 can
be 1nserted via a standard catheterization procedure. For example, the heart pump 400 can be inserted
through the femoral artery, into the ascending aorta 10, across the aortic valve 15 and into the left
ventricle 20. A pressure sensor 430 can be disposed within the catheter 420 to measure LVSP during
operation of the pump. In some embodiments, ancther pressure sensor 432 can be disposed within the
catheter 420 to measure the aortic pressure. In some embodiments, the pressure sensor 432 used to
measure aortic pressure and/or differential pressure can be used to calculate LVSP during operation of
the pump in the absence of a pressure sensor 430 in the left ventricle. The catheter 420 can also scrve
as a conduit to facilitate wired connections from a remote controller or console (e.g., pump controller

510 of FIG. 5) to the pump motor 412 and on or both of the pressure sensors 430,432,

[0035] As shown, the pump 400 can pull blood from the LV 20 into the impeller purap 410 through
the blood inlet 414 and expel the blood into the ascending aorta 10 through the blood outlet 416, The
flow rate of the heart pump 400 can be controlled based on the speed of the pump motor 412, As
discussed in more detail below, the speed of the pump motor 412 can be controlled based on the
measurcracnts obtained from the LVSP sensor 430 and optionally aortic pressure sensor 432, Tn some
crabodiments, the heart pump 400 can pump up to 5.0 liters per minute of blood from the LV to the
aorta. In some cmmbodiments, the heart pump 400 can purap at a flow rate of more or less than 5.0 liters
per minute. Exanmples of a heart pump suitable for use with the various embodiments can include the
family of Impella® heart pumps from Abiomed, Inc. having headquarters in Danvers, Massachusets,
including but not lumited to Impella 5.0®, Impella LD®, Impella CP®, and Impella 2.5®. One of
ordinary skill will readily appreciate that other left ventricular assist devices or heart puraps can be

used.

[0036] Although various heart puraps arc capable of unloading the LV, a pump that can generaie
cardiac output sofficient o support (Le., perfuse) the whole body of patients with AMI caa be useful.
This is because in order to ruoimize PV A, the LV oeeds to stop ¢jecting regularly. This condition can
be achicved when a heart pump for mechanical voloading generates flow to perfuse the whole body.
Omnce the LV stops ejecting regularly, PVA and thus MVO; can be minimized by controlling the heart
pump flow. Various embodiments of the heart purmp condrol system disclosed herein can be used with

heart purnps capable of generating cardiac output to support the whole body.

[G037] FIG. §is a schematic illustration of one exemplary ersbodiment of a closed feedback heart
purap control systera 4500 for controlling a heart punp to maximize mechanical unloading of the left

ventricle regardiess of the presence of cardiovascular instability. In the illustrated embodiment, the

-3
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sysiem 300 can include a heart pump 400, 3 pump controller 510, an LVSP pressure sensor 430 and,
optionally, an aortic pressure sensor 432. As discussed above with respect to FIG. 4B, the heart purmap

406 can be disposed within the heart to mechanically usload bleod from the left ventricle into the aorta.

{0038} The pump controller 310 can be configured to control the flow rate of the pump 410 by
adjusting the speed of the pump motor 412 (e.g., rotations per minute, or RPM). The pump controfler
510 can transmit a command or signal over a wired or wireless connection to adjust the speed of the
punip motor 412 so that the pump 410 racchanically unloads the left ventricle at a target flow rate {e.g.,

liters per minnte) set by a target pressure.

0039 In some embodiments, the pressure sensor(s) 430 and/or 432 can be configured to generate
an output used by the pump controller 510 to measure or calculate an LVSP within the LV of the heart.
For example, in some embodiments, the pressure sensor 430 can be configured to measure and output
LSVP as a feedback signal to the punip controlier 510. The pump controlier 510 can use the LVSP as
feedback information to make speed adjustinents o the pump motor 412 so that the pump's flow raie
can mainiain LVSP at or close to a target reference presswre that is Jess than a normat LVSP thereby
much tower than mean aottic pressore. In some embodiments, the target reference pressure can be set
by masnual input to the pump controller 510. In some embodiments, the target reference pressure canbe

set to a calculated valoe obtained or determined by the pump conlroller 510

[0040] In order to automatically control a beart pump to minimize PYA and thereby MVO,, the
pump controller 510, sometimes referred to herein as a feedback controller, can be configured to control
the speed, flow rate, or oiher operating characteristic of the heart pomp to keep the LVSP at a low
reference pressore level icrespective of major changes in cardiac or hemody namic conditions. This can
be achieved when the open-loop gain of the feedback controller is large enough to stabilize LVIP
fluctoations resulting from AMI related major cardiac and hemodynamic instability. In some
embodiments, the feedback controlier of heart purnp is stable with no oscillation (or effectively no
oscillation) in the presence of major cardiac and hemodynarmc instability. Control theory indicates that
the higher the open-loop gain, the lower the stability of closed-loop feedback system. Therefore, in
some cmbodiments, the pump controller 510 can be configured to balance open-loop gain with system

stability.

{0041} In order to develop a high open-loop gain feedback controlier without compromising
stability, an open-loop transfer function can be determined for the plant to be controlled. The plant can
represent the heart augmented with the heart purnp. For example, in some embodiments, the plant can
model dvnamic changes in LVSP in response (o changes in pump speed of a heart pump used for
mechanical unloading. For example, the plant can be defined as a single~input single-output (S1S0)
system where the input is a pump speed controlling command (e.g., tpmy and the outputis LVSP (e.g.,

mmHg). In cardiovascular physiology, the transfer function of how changes in the pump speed
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dynamically affect the LVSP has never been studied. In some embodiments, the transfer function of the
plant can be defined using other inputs, such as flow rate (e.g., milliliters per second) or other operating
characteristic of the heart pump. In some embodiments, the transfer function of the plant canbe defined

using other owtputs, such as LV diastolic pressure, aortic pressure or other property of the cardiovascular

N

system {2.2., heart) that can be raeasured or estimated using a sensor (2.2, sensors 430, 432).

[6042] In some embodiments, computational modeling of cardiovascular systen: can be employed
1o estimate an approximated transfer furction from the pump speed to LVSP. In sone embodiments,

the transfer function can be approximated and reduced to a second order system with a delay as;

K
H{f} = sexp(—2rfLf)

7. (L
L2t (,f'Nf,

16 where the four parameters are the gain X, damping factor {, natural frequency /vand delay time L. The
term j represents the imaginary unit, where/™= -1. Since the second order fransfer function H(f) results
from the basic anatomy of the cardiovascular system, the transfer function can apply to many specics
having a similar anatomy to the human cardiovascular system. The transfer function H(/) can also be
used as the plant for modeling the heart avgmented with the heart pump under discase states, because

15 suchconditions are unlikely to involve major anatomical changes of the cardiovascular system.

[0043] In some embodiments. the four parameters of the plant transfer function H(/) can include a
gain X that is equal {6 or about 0.013 mmHg/rpm, a damping factor C that is equal {0 or about 1.9, a
patural frequency jy that is eqoal (o or about 0.41Hz and a delay time £ that is equal to or about 0.03
scconds. As discussed with respect to FIG. 9 below, in some embodiments, the values of one or more
20 of the parameters of the plant transfer function H{f} can be changed in response to changes in AMI and
volune loading conditions. Although the approximate values of the foregoing parameters are based on
animal experiments and canine models under AMI conditions, one of ordinary skill in the art will
recognize that these parameters can be adjusted to accommodate any variation associated with the

human cardiovascular system.

25 [0044] On the basis of the identified plant transfer function H{/}, the pump controller 510 can be
configured to keep LVSP at a constant value irrespective of changes in cardiac and hemodynamic
condition. For example, as shown inFIG. 5, in some embodiments, the pump controller 5310 can include
a comparator 512 and a proportional-integral (P1) controller or a proportional-integral-derivative (PID)
controller 514. The comparator 512 can be coupled to the pressure sensor 430 and configured to receive

3¢ a measurement of LSVP output from the pressure sensor. The comparator 512 can be configured to
compare the target reference pressure to LVSP measured within the left veutricle and output a pressure

difference or error sigaal (1) to the PID controller 514,

9
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[0045] The PID controller can be configured to taplenent the following equation:

¢
ult) = Kpe(t) + K; j e(t)dt + Kgy de)
0

where K, is the proportional gain, X is the integral gain, and K, is the derivative gain, t is the time or
stantaneous time, and 1 is the variable of integration that takes on values from tiree 0 {o present bme
t. The integral term can be configured to make the de gain infinity of the controller effectively equal to

infinity. The equation u(t) can be rewritten in the Laplace domain as Us) = K, + K/5 and Kgs.

[0046] The values of K, K, and Ky can be selected to tune the system 500, such that the time or
frequency response of LVSP of the closed-loop system can be optimized with respect (o a step change
in pump speed or a corresponding flow rate. For example, in some embodiments, the valoes of K, K,
and Ky can be selected such that a measured LVSP can reach a target reference pressure with minimal
overshoot and time delay in response to a corresponding adjustment in pump speed. For example. in
some embodiments, (1) the overshoot of the step response of LV SP under the closed loop condition can
be less than about 10%, (ii) the time to reach the steady state response of LVSP can be shorter than a
predetermined clinically relevant response time (e.g.. about 60 seconds), and/or (iif) the steady state
deviation from the target pressure can average zero. In some embodiments, the PID controller 514 can
be implemented so that the feedback control systern 500 is stable and can satisfv one or more of such
constraints in the presence of a change in the open loop gain of the plant, ¢.g., up to or more than 16

tiraes.

0047} In some embodiments, based on the identified wansfer function of the plant H{, the
minimum realization of the controller can be a proportional-integral (PI) controller with a proportional
gain K, that is equal to or about 40, an integral gain X, that is equal to or about 20 and a derivative gain
KJ that is equal t¢ or about 0. The combination of these values for gains K, and X can allow the system
to maintain LVSP at a constant value in the presence of AMI- tnduced major instability of cardiac and
bemodynanic conditions including a change in the open-loop gain of the plast, .2, up to or more than
a factor equal to or about 16. In some erabodiments, one or mare of the respective gain parameters A,
K and Ky can be adjusted in response to changes in design requirements and/or open loop gain of the

plant.

(0048} FIG. 6 illustrates exemplary siep responses of LVSP vader the control of the closed-
feedback heart purap control system 300 of FIG. 5 using the controller parameters described above. For
exaniple, as shown, the control system 300 can provide a step response 6106 for LVIP that exhibiis no
overshoot and reaches steady stale in approximately 20 seconds under the AMI condition. Whea the
plant exhibits an open loop gain that i1s 4 times greater than normal, the control systemn 300 can provide

a slep response 620 for LVSP that exhibits an overshoot of less than about 5% and reaches the steady

10
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state in approximately fess than about 20 seconds. When the plant exhibits an open loop gain that is one
quarter (1/4) times less than normal, the control system can provide a step response 630 for LVSP that

exhibits no overshoot and reaches steady state in about 40 seconds.

[0049) Based on numecrous animal experiments, which were exhaupstively conducted under
extreme AMI conditions, the open loop gains of the plant were observed to vary within a range between
a factor of 4 to 1/4. In clinical applications, the open loop gain associated with human patients should
change no more than a factor of 16. A step response that takes between about 20 seconds and about 40
seconds to reach steady state should be sufficient to avoid adversary effects in the outcome relating to
ventricular unloading therapy. However, oge skalled in the art will recognize that the conirol sysiem can

be configured to reach steady state in other climcally relevant response times.

[0050] FIGS. 7A and 7B illustrate esemplary performance of the closed feedback heart purap
control system of FIG. 5 using pump speed to control LVSP. For example, FIG. 7A illustrates that as
the input target reference pressure LVSPw is changed stepwise from 40, 70 and 40 mmaHg, the control
system 500 can adjust the commanded pump speed S to praovide an ouvtput LV SPour that follows the
target pressures. FIG. 7A also shows changes in output aortic pressure APour and LV volome LV Voyr

associated with controlled output LVSP.

[0051] FIG. 7B shows the stabilization of relevant metrics representing MVO, consuniption {e.g.,
LVSP and PVA) of the LV inthe presence of major volurme perturbation {e.g., an increase or decrease
in left ventricular volurne). Volume perturbation is 3 hemodynamic instability inherent to AML As
shown in FIG. 7B, despite the major changes in volume {(e.g., + 8 mi/kg), LVSP and PVA can remain
substantially constant by controlling the pomp speed of a heart pump (e.z., 400) vsing the emwbodiment
feedback control system 500 to maintain the target LVSP. In comparison, LVSP and PVA can vary

significantly in response to major volume perturbation of the LV using a heart pump at fixed speeds.

[00352] In some embodiments, where a quicker response or a more stable response is needed
depending upon the purpose, one of ordinary skill in the art will recognize that one or more of the gain
parameters K, K; and Ky of the PID contreller 514 can be adjusted. Therefore, although specific gain
parameter values are disclosed herein for the PID controller, such values are exemplary and not intended

to be limiting.

[0053] As discussed above, the embodiment heart pump control system 500 can be configured fo
maintain LVSP at a target reference pressure determined to minmimize MVO; of the LV, For exaniple,
as shown in FIGS. 1 and 2, MV, can be minimized by mindmizing the PVA of the LV. In theoty, a
PVA of zero can make MVO: miniraum. However, mainiaining PVA at zero, which means that LVSP
18 zero punHg, 18 very difficult to safely and stably achieve because even a minor redoction of LVSP

below zero can result in the pump crealing major suction within the LV that can damage the heart.
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Therefore, in some embodinments, the closed feedback heart pump control svstem 560 of FIG. 5 canbe
configured to maintain LVSP at a target LVSP that provides an approximately ninimum MV02 and is
still safely and stably controllable by the feedback system. For cxample, in some embodiments, the
target LVSP can be determined based on the relaticnship between fractional LVSP and recruited
fractional PV A as shown in FIGS, 8A and 8B.

[0054] FIG. 8A illustrates the relationship between the fractional LVSP and fractional LV volume.
As shown, the pressure and volume are normalized to unity at end-systole in nommal ejecting

contraction. Fractional LVSP "g" is the ratio of LVSP during unloading to end-svstolic pressure in
normal ¢jection defining the operating condition of LV unloading. The lower fractional LVSP o, the
stronger valoading. For a given fractional LVSP ¢, fractional LV volume beconwes also a because LV
volune is normalized by end-systolic volume. LV end- diastolic volume is given by 1/(1-8) where § is

LV ejection fraction, t.e., stroke volume divided by end-diastolic volume.

[00355] Recruited PVA is the PVA recruited by LV unloading at the operating condition of a.
Residual PVA is PVA that remains by unloadiog at the operating condition of o. Fractional PVA
recruttment is defined by the ratio of residual PVA to the sum of recruited PVA and residual PVA
indicating what percentage of total PV A is recruited by LV undoading. Mechanical unloading reduces

fractional LV SP o, increases the recruiled PV A and results in a reduction of residual PVA of the LV,

[0056] FIG. 8B illustrates the fractional PVA recruitment as a function of fractional LVSP "o"
under various ejection fractions *$.% As shown, the fractional PVA recroitment decreases with fractional
LVSP o Forexample, at o=I (i.¢., where fractional LV volume=1), the fractional PV A recruitments 806,
304, and 802 are equal to 0.75, 0.57 and 0.33 for ejection fractions B of 0.6, 0.4 and 0.2, respectively.
This means that a poorly contracting L.V can require larger unloading to reduce PVA. For ¢=0.4, the
fractional PV A recroitments 806", 804", 802", canbe greater than or equal (o 0.9 regardless of the ¢jection
fraction B. For ¢=0.2, the fractional PVA recraitinents 806", 804", 802" can be greater than or equal {o

0.97 regardless of the ¢jection fraction .

[0037] Therefore, tn some embodiments, the target LVSP cas be set cqual to the product of the
end-systolic pressure in a normal cjecting beat and the fractional LVSP ¢, where « is a value between
about 0.2 and about 0.4, to mininxize the PVA of the LV by about 90% to 97%. The end-systolic pressure
during a normal ¢jecting beat is typically between 70 and 110 punHg. A target LVSP within such a
range can be safely and stably achievable through mechanical unloading with a heart pump vader the
control of the embodiment feedback svstem 500 of FIG. 3. A reduction of PVA by about 90% to 97%
can be translated into a corresponding reduction of MVQO; about 45% to 48.5%6, respectively, assuming
50% of MVOy is PVA independent. In the presence of significant noise in evaluating infarct size, the
minor difference of MVO, is unlikely to affect infarct size. Such a reduction of MV, can achieve a

major oxvgen sparing and thereby reduce infarct size and subsequent heart fathure.

12
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[0058] In some embodiments, the target LVSP can be set equal to the product of the mean aortic
pressure and the fractional LVSP a, where a is a value between about 0.2 and about 0.4, to minindze
the PV A of the LV by about 90% to about 97%. As discussed above, a reduction of PVA by about 90%

t©o 97% can correspond 1o a reduction of MVQOh by about 43 1o about 48.5%, assuming about 30% of

N

MV, is PVA independent. Such a reduction of MVO: can achiave a major oxy gen sparing and thereby

reduce infarct size and subsequent heart failure.

[0059] In some embodiments, where the hemodynamics of AMI patients are relatively stable,
including aortic pressure, the target reference pressure (¢.g., target LSVP) can be set to a fixed fraction
of mean aortic pressure, such as but vot imited o the fraction is between abowt 0.2 and about 0.4 . In
16 some embodiments, the target reference pressure can be set to a fixed fraction of other hemody namic
parameter that can be measured or estimated. Once the target pressure is set, it will not be changed untl
clinical necessity emerges. This simplifics to set the target pressure dependent upen the patients

hernodynamic condition.

[G060] FI1G. 9 is a schematic illustration of one exenplary embodiment of an adaptive feedback
15 heart pump control system 900. As shown, the control system 900 can include a comparator 903, an
adaptive purap controller 910, a heart pump actualor 920, a plant model 930, one or more sensors 940,
a system identification module 950, and a controller design module 960. Except as described below or
as will be readily appreciated by one having ordinary skill in the art, the control systemn 900 can be
sabstantially similar to the control system 300 described above with respect to FIGS. 4 and 5. A detailed
20 description of the structure and function thereof is thus omitted here for the sake of brevity. The control

system 900 can include any one or more of the features of the control system 506 described above.

10061} In some embodiments, the adaptive feedback heart pump control system 900 can be used
to control a heart pamp to maintain a target LVSP or AP in AMI patients that may require more corplex

apphications of mechanical unloading. For example, more complex application of mechanical unloading

b2
W

may be expected in patients with right ventncular failure, life- threatening arrhythmias and with other
mechanical circulatory device. Accordingly, a feedback heart pump control system that is configured
to control the plant associated with a fixed transfer function may not guarantee 1o keep LVSP and PVA
constant. Thus, the system identification module 950 and the controfler design module 960 can be used
to adaptively configure the control system 900 to control the heart pump 920 based on a continuous
30 and/or pedodic identification and updating of the plant model 930 that represents the heart angmented
with a heart pump (c.g., 400). By this way, the adaptive pump controlier 910 can be adaptively
confignred to minindze PVA and MOV2 in patients with AMI under a wide variety of pathological

states.

(0062} In some embodiments, the systemn identification module 950 can be configured to

Ly
W

periodically or continuously monitor and update the plant transfer function, and the controller design

[
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module 960 can be configured to update one or more parameters of the adaptive pump condrofler 910
in response to determined changes in the plant transfer function. For example, in some embodiments,
the svstem identification module 930 can be configured to adjust one or more of the parameters of the
second arder transfer function H() of the plamt, soch as the gain X, damping factor 77, natural frequency
Jfv and/or delay timne 7, 1o response ¢ changes in the correlation between pump speed and LVSP. In
some embodiments, the syster identification module 940 can be configured to model the plant using a
transfer fanction other than the second order transfer function H(D. In some embodiments, the system
identification module 950 can be configured to change the plant transfer funcuion based on sensor

measurement of LVSP in response to changes in pump speed.

[0063] Based on the determined changes in the plant transfer function, the controller design
module 960 can adjust one or more parameters of the adaptive punip controller 916. For exaniple, where
the adaptive pumnp controlier is a P1 or PID controller, the controller design module 960 can adjust one
or more of a proportional gain K, an integral gain X, and a derivative gain K, associated with the
controller. The adjusted values of &, K, and Ky can be selected sach that a measured LVSP can reach
a target reference pressure with minimal overshoot and time delay in response to a corresponding

adjustment in pump speed.

[6064] The various illustrative logical blocks, modules, circuits, and algorithm operations
described in connection with the embodiments disclosed hercin may be implemented as electronic
hardware, computer software, or combinations of both. To clearly iHustrate this interchangeability of
bardware and software, various lustrative corponents, blocks, modules, circuits, and operations bave
been described above generally in terms of their functionality. Whether such functionality s
implemented as hardware or software depends upon the particular application and design constraints
imposed on the overall system. Skilled artisans may implement the described fumctionality invarving
ways for each particular application, but such implementation decisions should not be interpreted as

causing a departure from the scope of the claims.

[0065] The hardware used to implement the vanous illustrative logics, logical blocks, modules,
and circuits described in connection with the aspects disclosed herein may be implemented or performed
with a gencral purpose processor, a digital signal processor (DSP), an application specific integrated
circuit (ASIC), a field programmable gate array (FPGA) or other programmable logic device, discrete
gate or transistor logic, discrete hardware coraponents, or any combination thereof designed to perform
the functions described hercin. A general-purpose processor may be a microprocessor, but, in the
alternative, the processor may be any conventional processor, controller, microconiroller, or state
machine. A processor may also be implemented as a combination of receiver smart objects, ez, a
combination of a DSP and a microprocessor, fWo Of moOre MICToprocessois, On¢ of Imore

microprocessors in conjunction with a DSP core, or any other such configuration. Alternatively, some
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operations or methods may be performed by circuitry that is specific to a given function.

{0066} In one or more aspects, the functions described may be implemented 1n hardware, software,
firmware, or any combination thereof. If implemented in software, the functions may be stored as one
or more instructions or code on a non-transitory computer-readable storage medinm or non-transitory
processor-readable storage medium. The operations of a method or algorithm disclosed herein may be
cmbodied in a processor-executable software module or processor-executable instructions, which may
reside on a non-transitory compuier-readable or processor-readable storage medium. Non-transitory
compuicr-readable or processor-readable storage media may be any storage media that may be accessed
by a computer or a processor. By way of examaple but not limitation, such non-transitory compuier-
readable or processor- readable storage media may include RAM, ROM, EEPROM, FLASH memory,
CE-ROM or other aptical disk storage, magnetic disk storage or other magnetic storage srart objects,
or any other medium that may be used to store desired prograny code in the form of instructions or data
structures and that may be accessed by a computer. Disk and disc, as used herein, includes compact disc
(CD), laser disc, optical disc, digital versatile disc (DVD), floppy disk, and Blu-ray disc where disks
usually reproduce data magnetically, while discs reproduce data optically with fasers. Combinations of
the above are also included within the scope of non- transitory computer-readable and processor-
readable media. Additionally, the operations of a method or algorithm may reside as one or any
combination or set of codes and/or instructions on a non-transitory processor-readable storage medium
and/or computer-readable storage mediurn, which may be incorporated into a compuier program

product.

0067} The preceding description of the disclosed embodiments is provided to enable any person
skilled in the art to make or usc the claims. Various modifications to these embodiments will be readily
apparent to those skilled in the art, and the generic principles defined herein may be applied to other
embodiments without departing from the scope of the claims. Thus, the present disclosure is not
intended to be limited to the embodiments shown herein but is to be accorded the widest scope

consistent with the following clairas and the principles and novel features disclosed herein



CLAIMS

1. A system for controlling a heart pump, the system comprising:
a heart pump comprising:

an impeller;

a blood inlet;

a blood outlet;

a pump motor; and

a first portion configured to be positioned within a left ventricle of a
patient,

wherein, the heart pump, during operation, is configured to pull blood
from the left ventricle of the patient into the impeller through the blood inlet and expel
the blood through the blood outlet into an aorta of the patient;

a first sensor positioned within the left ventricle of the patient and configured to
generate an output used to measure or calculate a left ventricular systolic pressure
(LVSP) within the left ventricle of the patient; and

a controller coupled to the heart pump and configured to measure or calculate
the LVSP based on the output of the first sensor and to control an operation of the heart
pump to maximize mechanical unloading of the left ventricle of the patient based on
the measured or calculated LVSP,

wherein the heart pump has a pump speed and a flow rate, and the controller is
configured to control one or more of the pump speed and the flow rate of the heart
pump, such that the LVSP within the left ventricle of the patient is maintained at a target
reference pressure, and

wherein the controller is configured to set the target reference pressure to a
fraction of an end-systolic pressure in a normal ejecting beat, wherein the end-systolic
pressure is measured by the first sensor, and wherein the fraction is between 0.2 and

0.4.

2. A method for controlling operation of a heart pump, comprising:
positioning a first portion of the heart pump within a left ventricle of a patient,
wherein the heart pump further comprises an impeller, a blood inlet, a

blood outlet, a pump motor, and
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wherein, the heart pump, during operation, is configured to pull blood
from the left ventricle of the patient into the impeller through the blood inlet and
expel the blood through the blood outlet into an aorta of the patient;
measuring or calculating a left ventricular systolic pressure (LVSP) within the
left ventricle of the patient using an output generated by at least one sensor positioned
within the left ventricle of the patient; and
controlling an operation of the heart pump to mechanically unload the left
ventricle of the patient based on the measured or calculated LVSP,
wherein controlling the operation of the heart pump comprises
controlling one or more of a pump speed and a flow rate of the heart pump, such that
the LVSP within the left ventricle of the patient is maintained at a target reference
pressure;
measuring or calculating end-systolic pressure in a normal ejecting beat; and
setting the target reference pressure to a fraction of the end-systolic pressure,

wherein the fraction is between 0.2 and 0.4.
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