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Systems and Methods for Estimating a Position of a Heart Pump

Reference to Related Applications

{00661} This application clamms priority to and the benefit of U.S. Provisional Patent
Apphcation No. 62/644,240, filed on March 16, 2018, and entitled “SYSTEMS AND
METHODS FOR ESTIMATING A POSITION OF A HEART PUMP”, and is related to U.S.
Patent Application No. 16/354,593, filed on March 15, 2019, and entitled “SYSTEMS AND
METHODS FOR ESTIMATING A POSITION OF A HEART PUMP”. The entire contents

ofthe above-referenced applications are incorporated herein by reference.

Backeround

{0002} Acute and chronic cardiovascular conditions reduce quality of life and life
expectancy. A variety of treatment modalitics have been developed for heart health, ranging
from pharmaceuticals to mechanical devices and transplantation. Temporary cardiac support
devices, such as heart pump systems, provide hemodynamic support, and facilitate heart
recovery. Some heart puiop systems are percutancously inserted into the heart and can run in
parallel with the native heart to supplement cardiac output, such as the IMPELLA ® family
of devices (Abiomed, Inc., Danvers MA}. Such heart pump svstems may measure and/or
calculate heart pump parameters useful for determining patient health and judging operation
of the heart pump svstem.

{60683} These measurements may be collected through sensors, which are prone to faiture.
When heart pump system sensors fail, clinicians lose many valuable measurements, such as
flow estimation, position monitoring, and suction alarms. H sensors fail, clinicians often
remove the heart pump system from the patient, even 1f the pump iself is functioning
correctly. Removing and replacing the heart pump system, especially if the pump is
functioning properly, is undesirable because doing so mcreases the risk of introducing
bacteria to the patient. Replacing the heart pump system can be expensive and lead to a
“wasted” heart pamp system. Farthermore, removing and replacing the heart pump system

may take away valuable time from the patient’s blood pump support and therefore recovery.
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Summary

[0004] The systems, devices, and methods described herein provide an estimate of a
position of a heart pump when positioned within a patient’s heart. In particular, the systems
and methods determine a relationship between motor curvent and a differential pressure signal
for a specific heart pump system, and then use this relationship to determine an estimate of
time-varying differential pressure from later-received motor current data. From the estimated
differential pressure, the heart purap system estimates the pump flow, trigger suction alarios
and trigger positioning alarms.

{8003} A controlier may be configured to perform any of the implementations, aspects, and
methods described herein. For example, the controller may be the Automated Impella
Controller (AIC) of Abiomed, Inc or any other smitable controller. In some implementations,
the heart pump system comprises a catheter; a motor; a rotor operatively coupled to the
motor; a pamp housing at least partially surrounding the rotor so that the actuating motor
drives the rotor and puraps blood through the pump housing: one or more sensors, including a
differential pressure sensor; and the controller. For example, the heart pump system may
comprise the Impella RP heart pump or the Impella 5.0 heart pamyp of Abiomed, Inc
connected to an AIC or any other suitable system.

[0006] The heart pump system may comprise a purap with a pump housing and a rotor.

The rotor is at least partially positioned within the pump housing such that a motor drives the
rotor and the rotor pumps blood through the pump housing while the system is operating.

The heart purop system includes a cannula with a proximal end that interfaces with the distal
end of the pump housimg and a distal end. The pump may be configured to be placed such
that cannula extends across an aortic valve of the patient, the distal end being located within a
left ventricle of the patient, and the proximal end being located within an aorta of the patient.
In some implementations, an ¢longate catheter extends proximal of the pump housing. The
elongate catheter may be coupled on s distal end to the pomp housing. In an example, a
drive cable may extend through the elongate catheter. In an example, the elongate catheter
may house electrical connections, connecting the pump to a controller. In some
mmplementations, the pump further includes a tlexible projection extending distally away
from the distal end of the cannula, such as a pigtail-shaped flexible projection.

{0807} The heart pump system comprises one of more sensors that measure pressure, such
as a differential pressure sensor. In an example, the differential pressure sensor measures the
difference between the pressure outside the pump and the pressure inside the pump. For

example, when the cannula is placed across the aortic valve, a top (outer surface} of the

3]



WO 2019/178512 PCT/US2019/022535

sensor is exposed to the aortic pressure and a bottom (inner surface} of the sensor is exposed
to the ventricular pressure.
{0008] A controlier operatively connected to the heart punp system estimates the position
of the heart pump based on baseline data and updated data. The baseline data is received
5 during a first period of time, and provides a basis for the controller to determing a

relationship between two parameters during normal operation of the pump. . The first period
of time may be 20 seconds, 40 scconds, one minute, two minutes, ten minutes, twenty
minutes or any other suitable period of time. The first period of time may correspond to a
number of samples acquired at a given frequency. For example, the first period of time may

10 correspond to 500 samples, 1000 samples, 2000 samples, 3000 samples, or any other suitable
number of samples. Generally, during the first period of time, the heart pump system
operates within a patient’s body and sensors on-board and/or off-board the heart pump
system acquire data related to the system operation {e.g., motor current, pump location, or

any other motor or system parameter) and/or patient health {¢.g., aortic pressure, differential
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pressure, or any other hemodynamic or patient parameter). This data is used to identify

relationships between certain parameters. In the event of fathire of one or more sensors {e.g.,

differential pressure), the controller may estimate a signal from the defective sensor(s) based

on a working sensor (¢.g., motor current) and the relationship between the signals from the
failed sensor and the working sensor. Dwring the first period of tume, the pump may operate

26 at asingle performance level {e.g., correlating o a particular rotor speed) or a range of
performance levels.

[860%9F The controller recetves first data indicative of a time-varying motor current n the
heart pump system during the first period of time and receives second data indicative of a
time-varying differential pressure for a patient during the first period of time. The time-

25 wvarying motor current corresponds to an amount of current delivered to a motor of the beart
pump system while the heart pump system is operating in the pattent. For example, the motor
current may change to keep a rotor speed of the heart pump system constant. Operating the
motor {¢.g., contained in motor housing 102 of FIG. 1) of the heart purop system to maintain
a constant rotor speed, as is desirable in many medical situations, generally requires

36 supplving the motor with varying amounts of current becaose the load on the motor varies

during the different stages of the cardiac cycle of the heart. Accordingly, when the

differential pressure in a patient’s heart changes, the motor current also changes to keep the

rotor speed constant. For example, when the flow rate of blood into the aorta increases (e.g.,

during systole), the current required to operate the motor increases. This increase in motor
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current can be used to characterize cardiac function as is discussed further below. The time-
varying differential pressure corresponds to a difference inn pressure between an inner portion
of the heart pump system and an outside of the heart pump system and is further indicative of
a position of the heart pump svstem relative to a patient’s heart. The differential pressure
5 signal is indicative of pressure over time, and the measurements displayed may be derived

from a pressure sensor on the mtravascular pump during operation of the pump. For
example, the sensor may detect an electrical signal (also referred to as a differential pressure
signal), which is proportional to the difference between aortic pressure and ventricular
pressure, and which may be displayed by the heart pump system. As described below, the

10 systems and methods described herein determine a relationship between the time-varving
motor current and the time-varying differential pressure. The relationship between motor
current and differential pressure may be used in conjunction with motor current data to
estimate differential pressure at other points in time {e.g., after the first period of time,

described above). This is particularly useful if the pressure sensor fails, or if it 1s desirable to
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contirm operation of the pressure sensor.

18018} During a second period of time Iater than the first period of time, the controller

receives third data indicative of time-varying motor current. For example, the second period

of time may be | second, 2 second, 10 seconds, 30 seconds, 1 minute, 2 minutes, 10 minutes,
or any suitable length of time. For example, the controller receives data relating to time-

20 varying motor corrent and differential pressure at a first time, and then later receives
additional motor current data during the second period of time. The data from the first period
of time may be used to determine a relationship between the first data (indicative of motor
current during the first ime period) and the second data (indicative of differential pressure
during the first time period).

25 {0011} The controller determines an estimate of ime-varying differential pressure during
the second period of time from the third data and a relationship between the first data
{indicative of motor current during the first time period) and the second data (indicative of
differential pressure during the first tune pertod). For example, the relationship between the
first data and the second data may be multilinear fit of a mapping between the motor current

3¢ and the differential pressure information acquired during the first time period. The

relationship between motor current and differential pressure may be charactenistic of a given
heart pump systenm — i.¢., at a particular performance level, the relationship between the
motor current and differential may be substantially stmilar at different points in time and the

relationship itself may be “scalable™ between different performance levels. Thus,



pet
e

36

WO 2019/178512 PCT/US2019/022535

determining the relationship between motor current and differential pressure during a first
period of time may allow the systems and methods described herein to characterize the heart
punp system and use the relationship at later points in time and at different performance
levels.

[B012] The estimate of differential pressure 1s usable to predict the position of the heart
pump system in the patient. For example, the controller may use the relationship between the
motor current and differential pressure in conjunction with the more recently acquived third
data (indicative of motor current during the second time period}) to build an estimated
differential pressure signal for the second time period. The controller may use the estimated
differential pressure signal to deteomine the position of the heart pump svstem within the
patient.

{6813} In some implementations, the systems, methods, and devices described herein
determine a correlation between the motor current and the time-varying differential pressure
for cach point in time. To some implementations, the controller may compute multilinear fit
of the correlation. The multilinear fit is indicative of operating characteristics of the heart
purmp system. For example, at each measured value of motor current at each point in time in
the first time period a respective differential pressure measurement at the same point in time
may be plotted. This plot may be used to determine a multilinear fit represented bv a
function or series of fimctions, which may differ between individual heart pump systems. For
example, a first heart pump system may have a multilinear fit entirely different from a second
heart pump system.  As described below, the correlation between raotor current and time-
varying differential pressure may be scaled (linearly or using any appropriate scale) between
differential performance levels for the same heart pump system. After the controller
determines the correlation between the motor current and differential pressure, that
correlation can be later used to characterize paramcters of patient health and system
operation. Thigs s particularly useful in the event of sensor (e.g., pressure sensor} fathire
because the correlation may be used to estimate parameters that can no longer be directly
measured from the sensor.

{0634} In some implementations, the second data (indicative of time-varying differential
pressure} 18 received from a differential pressure sensor on the heart pump svstem. For
cxample, when the heart pump system is placed within the patient’s heart in an operating
position, one side or surface of the differential pressure sensor may be exposed to the aortic
pressure, a second side or surface of the differential pressure sensor may be exposed to the

ventricular pressure, and the differential pressure sensor may measure the difference between
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the aortic and ventricular pressures. The placement and sensor type of the pressure sensor is
not limiting. For example, the second data may be collated from multiple sensors on-board
or off-board the heart pump system.
{6018} The differential pressure sensor may fail or break. In some implementations, 1f the
5 differential pressure sensor fails, the controller determines the estimate of time-varying
differential pressure during the second period of time in response to a determination of the
sensor failure. In some implementations, the controller may determine that the differontial
pressure sensor has failed if no data is received from the differential pressure sensor during
the second period of time. If the pressure sensor fails or breaks, the controller may no longer
10 receive data directly relating to pressure in the patient’s heart. For a systemt in which the
placement of the heart pump system in the patient heart is determined from the pressure
signal, a failure or break of the pressure sensor means that it is difficolt or impossible to tell if
the heart pump svstem is positioned properly within the patient’s heart {¢.g., extending across

the aortic valve mto the left ventricle). Accordingly. rather than directly measuring the
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differential pressure, the differential pressure 1s estimated, and the estimated values are used
to determine placement of the heart pump svstem.

[6816] In some implementations, the systems, methods, and devices described herein
determine the estimate of ime-varying differential pressure during the second period of time
comprises determining a time scrics of estimated points by determining whether the third data
20 corresponds to a first phase or a second phase in the relationship between the first data and

the sccond data. For example, the first phase may be Phase A and the second phase may be
Phase B. For a given motor current value, there may be two corresponding differential
pressure values, as determined by the relationship between the first data and the second data
{c.g., as shown in FIG. 3). Ofthe two corresponding differential pressure values, one value
25 may correspond to Phase A, while the other corresponds to Phase B.
[0017]  Whether the motor current is in the first phase (¢.g., Phase A) or the second phase
{¢.g.. Phase B) may be determined by examining a diastolic period. In some
implementations, the systems, methods, and devices described herein deteroune a diastolic
period within the additional data {e.g., during the second tume period described above). The
36 diastolic period starts at a starting point and ends at an ending point in time. A slope of the
additional data between the starting point and the ending point is mdicative of the first phase
or the second phase. If the slope is positive, the additional data corresponds to the first phase.
If the slope is negative, the additional data corresponds to the second phase. Thus, by

examining the diastolic period of a patient’s heart, the systems and methods described herein
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may appropriately determine which of two pressure values (Phase A or Phase B) is correct
for a given motor current value.

[0018] Tn some implementations, the systems, methods, and devices described herein
determine, based on the estimate of time-varving differential pressure, at least one of: flow
rate, position, and suction associated with the heart pump system. The time-varying
differential pressure, the motor current, and/or the estimate of time-varying differential
pressure may be displayed. fn an example, the controller may display the tune-varving
differential pressure, the motor current, and the estimate of ime-varying differential pressure
simultaneously. In an example, the controller may display the motor current, and
simultancously display one of the time-varying differential pressure or the estimate of time-
varying differential pressure. In an example, a user may select which signals he or she would
like to view. Because determinations such as flow rate, position, and suction are based on
differential pressure measurements or estimations, it is imperative the differential pressure
value be koown and correct for a given tume. the differential pressure sensor on a heart
pump system fails, and no estimate for the pressure is determined, the flow rate, position, and
suction of the system will also fail. By providing a differential pressure estimate, the systems
and methods described herein thus also allow for continued flow rate, posttion, and suction
estimations in the event of sensor failure, providing clinicians with a clearer picture of patient
health and heart pump operation.

[08619]  In some implementations, the systems, methods, and devices described herein
provide first and/or second indicators relating to differential pressure sensor failure and the
estimated time-varying differential pressure. The first indicator indicates that the differential
pressure sensor has failed. In an example, the controller may display a waming indicator that
says the sensor data is unreliable on a user interface. The second mdicator indicates that the
cstimate of time-varying differential pressure during the second period of time 1s simulated or
estimated. In an example, the controller may simultancously display an alarm warning that
the differential pressure sensor has failed and an alarm warning that the estimate of time-
varying differential pressure is displaved and is an estimate. The indicators may be visual or
auditory.

[8028] In some implementations, the systems, methods, and devices described herein
determine whether the time-varying differential pressure is drifting by comparing the time-
varying diffcrential pressure to the estimate of time-varying differential pressure for a second
period of time. Based on comparing the time-varying differential pressure to the estimate of

time-varying differential pressure, a difference between the time-varying differential pressure
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and the estimate of time-varying differential pressure over the second period of time is
calculated. For example, the controlier may display both the time-varying differential
pressure and the estimate of time-varying differential pressure, and may calculate the
difference between these two signals at a plurality of points of time during the second period
of time. The difference is compared to a differential pressure signal threshold. The
differential pressure signal threshold may be 10 mumHg, 15 mmHg, 20 mmHg, 40 mmHg, 60
mmHg, 80 mmHg, or any suitable amount. If the difference s greater than the differential
pressure signal threshold, the time-varving differential pressure is drifting. For example, ata
first point in time the difference between the time-varying differential pressure and the
cstimate of time-varving differential pressure may be 2 mmHg. At a second point in time
after the first point in time, the difference may be 5 mmHg. At a third point in time after the
second point in time, the difference may be 27 mmHg. In this example, the differential
pressure signal threshold may be 25 mmHg, in which case the controller would determine the
time-varying differential pressure is drifting at the third point in time. By deternuning
whether the differential pressure signal s drifting, the svstems and methods described herein
provide a check for the correct operation of the sensor. For examptle, if the sensor 1s
degrading, the pressure signal may drift and provide incorrect measurements to a clinician.
The clinician may be notified of such drift if the estimated differential pressure and the
measured differential pressure differ significantly, giving the clinician an opportanity to
correct or further examine pressure readings.

16621]  In some implementations, if the time-varying differential pressure s drifting, the
systems, methods, and devices described herein display a notice indicating the differential
pressure sensor needs to be re-calibrated. The notice may be visual or anditory. In an
example, the controller may display a warning or alarm on a user interface stating that the
time-varying differential pressure signal is unreliable and needs to be re-calibrated. In an
example, the controller may display a warning or alarm on a user inferface stating that the
time-varying differential pressure signal is drifting. In some implementations, if the time-
varying differential pressure is drifting, differential pressure seusor is automatically re-
calibrated. In an example, the controller may zero the differential pressure sensor to re-
calibrate. Re-calibration may help to ensure the sensor is providing accurate datato a
chinician or controller, thereby increasing treatment efficacy.

16022} 1o some implementations, the systems, methods, and devices desenbed herein
change operation of the heart pump system from a first operating level to a second operating

fevel. Based on changing the operation of the heart pump svstem to the second level, the
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relationship between the first and second data may be scaled to account for the second
operating level. The estimate of time-varying differential pressure may be based on scaling
the relationship. In an example, during the first period of time, the heart pump system may
be operating at operating level P-8, but duning the second period of time the heart pump
system may be operating at operating level P-9. The controller may determine the
relationship between the relationship between the first and second data for operating level P-
8. Durning the sccond period of tire, the controller may calculate the estimate of the time-
varying differential pressure by using the relationship calculated for the first time period to
determine a valoe or set of values and then then linearly scaling that valae or set of values.
Thus, if the P-level used for collection of the motor current data and differential pressure
signal data during the first time period is different from that used for collection of the
additional motor current data during the second time period, the relationship between motor
current and differential pressure sensor data may be scaled to account for the change in P-

fevel.

Brief Bescription of the Drawings

{00623} FIG. 1 shows an dlustrative heart pumap system configured to estimate
cardiovascular parameters, according to certain implementations;

[06824] FIG. 2 shows a process for estimating a position of a heart pump system in a patient,
according to certain implementations;

{0025} FIG. 3 shows a plot of differential pressure signal versus motor current for a heart
pump system operating at a range of performance levels, according to certain
implementations;

{0026} FIG. 4 shows plots of motor current, differential pressure signal, and flow over a
period of time, according to certain implementations;

{08277 FIG. 5 shows a plot of differential pressure signal versus motor current for a heart
pump system, according to certain implementations;

{0028} FIG. 6 shows a plot of motor current over time for a first phase, according to certain
mmplementations;

[80629] FIG. 7 shows a plot of motor carrent over time for a second phase, according to
certain implementations;

{0030} FIG. § shows a plot of differential pressure signal versus motor current for a heart

pump system for first and second phases, according to certain implementations;
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{8031} FIG. 9 shows a plot of real, simalated and simulated first phase differential pressure
signal during first phase operation over a period of time, according to certain
implementations;

[0032] FIG. 10 shows a plot of real, simulated and simulated first phase differential
pressure signal during second phase operation over a period of time, according to certain
implementations;

[6633] FIG. 11 shows plots of differential pressure signal, motor current and rotations per
minute (RPM) for a heart pump system, when the performance level of the heart pump
system changes between two levels, according fo certain implementations;

[0034] FIG. 12 shows plots of differential pressure signal and motor current at a furst
performance level over a period of time, according to certain implementations;

[6835]  FIG. 13 shows plots of differential pressure signal and motor current at a second
performance level over a period of time, according to certain implementations;

{0036} FIG. 14 shows plots of differential pressure signal drift and motor current over time,
according to certain implementations;

18637} FIG. 15 shows plots of differential pressure signal drift and estimated differential
pressure signal over a period of time, according to certain implementations;

[0038] FIG. 16 shows a histogram of mean flow estimation error, according 1o certain
implementations;

{08397 FIG. 17 shows a histogram of maximum flow estimation error, according to certain
implementations; and

100497 FIG. 18 shows a lustogram of nunimum flow estimation ervor, according to cerfain

implementations.

Detailed Description

{8841} To provide an overall understanding of the systems, methods, and devices described
herein, certain itlustrative aspects will be described. Although the aspects and features
described hercin are specitically described for use in connection with patient heart health, it
will be understood that all the components and other features outlined below may be
combined with one another in any suitable manner and may be adapted and applied to other
types of medical therapy and patient health.

[0042] The svstems, devices, and methods described herein determine an estimate of time~
varying differential pressure from motor current data using a relationship between past motor

current and data and differential pressore data in a heart pump system. The differential

10
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pressure signal 1s indicative of pressure over me, and the measurements displayed may be
derived from a pressure sensor on the mtravascular pump (such as heart pump 100 in FIG. 1)
during operation of the pump. For example, the sensor may detect an electrical signal (also
referred to as a differential pressure signal), which is proportional o the difference between
5 the pressure outside the pump and the pressure inside the pump, and which may be displayed
by the heart pump system.
{0043} The differential pressure signal may be used by a clinician to determine the
positioning of the pump within the heart by monitoring the measured pressure to determine
when the pamp 1s in a correct placement within the heart. When the heart pump s placed n
10 the correct position across the aortic valve, the top (outer surface) of the sensor is exposed to
the aortic pressure and the bottom (inner surface) of the sensor is exposed to the ventricular
pressure. The heart pump system may be considered to be positioned properly when a
cannula of the heart pomp spans across the aortic valve such that a blood inlet to the pump is

within the left ventricle and an outlet from the pump is within the aorta. When the heart
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pump system is properly positioned within the heart, changes i pressure associated with a
cardiac cyele result in a pulsatile differential pressure signal. During diastole, the large
pressure difference between the aorta and the left ventricle creates a large differential
pressure signal. At the peak of systole, when the aortic valve opens, the pressure difference
between the aorta and the left ventricle (and thus the differential pressure signal} is zero.

26 Thus, the contimual pressure changes associated with the cardiac cycle produce a pulsatile
waveform when correctly positioned. When the heart punip system is not properly placed
across the aortic valve, or when it s fully in the aorta or fully in the ventricle, the pressures
outside and inside the cannula are the same throughout the cardiac cycle. As a result, the
pressure on either side of the sensor membrane is the same, resulting in a flat differential

25 pressure signal. For example, when correctly placed, the differential pressure signal may
vary periodically and/or have peak-to-trough values of 60 mmHg, 40 mmHg, or another
generally high value. When incorrectly placed, the differential pressure signal may have
peak-~to-trough values of 0 mmHg, 2 mmHg, or another generally low value.

[8044] The motor current signal is indicative of a measurement of the electrical current
3¢ drawn by a motor in the heart pump system over time. The heart pamp system {e.g., heart
pump system 100} may be designed to provide constant heart pump motor speed at a
particular performance level. Operating the motor (e.g., contained in motor housing 102 of
FIG. 1) of the heart pump system to maintain a constant rotor speed, as s desirable in many

medical situations, generally requires supplying the motor with varying amounts of current

11
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because the load on the motor varies during the different stages of the cardiac cyele of the
heart. Accordingly, when the differential pressure in a patient’s heart changes, the motor
current will also change to keep the rotor speed constant. For example, when the flow rate of
blood into the aorta increases {¢.g., during svstole), the current required to operate the motor
5 mcreases. This change in motor current can thus be used to help characterize cardiac function
as will be discussed further in relation to the following figures. The motor current signal may
be derived from measurements from a sensor on the purap motor within the purap, or within
the processor or controller tiself. Even if differential pressure 1s not known at a given time,
the rotor speed at that tume will be known and motor current will be tuned to ensure the rotor
10 speed is stable. The systems and method described herein build a relationship between past
motor current and differential pressure signal data for a particular heart pump system during a
first period of time, then use this relationship to determine an estimate differcntial pressure
signal from newly-received motor current data during a second period of time. The motor

current/ditferenital pressure signal relationship is deternuned for a specific heart purap
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system and is indicative of the charactenistics of that specific heart pump system.
[8048] Once the relationship between the motor current and differential pressure signal has
been determined, the motor current is used to determine an estimate of differential pressure
signal. For a given motor current value, however, there could be two possible corresponding
differential pressure signal values, a first phase (also referred to herein as “Phase A™) value
26 and a second phase {(also referred to herein as “Phase B”) value. The systems and methods
described hercin may determine whether the heart pump system ts in Phase A or Phase B, and
determine the estimate of the differential pressure signal accordingly, as will be described
further below.
{0046] Because the estimate of time-varying differential pressure can be determined using
25 the motor current and the relationship, the systenms and methods described hercin may be
particularty useful if the differential pressure sensor fails and the measured differential
pressure signal data is unavailable or is unreliable due to drift, as described below in relation
to FIGS 14-15. In some aspects, the estimate of time-varying differential pressure may be
determined in response to determining the differential pressure sensor has failed. In some
3¢ aspects, if the differential pressure sensor fails, the heart pump system may set off an alarm.
In some aspects, the estimate of the differential pressure may be determined regardless of
whether the differential pressure sensor has failed. By comparing the measured differential

pressure signal to the estimated differential pressure signal, the systems and methods



WO 2019/178512 PCT/US2019/022535

described herein may also be used to determine that the measuared differential pressure signal
is drifting and needs to be re-calibrated.
{0047} The heart pump system is at least partially inserted within the heart of a patient.
Heart pump systems compatible with the present disclosure are disclosed m U.S. Patent
5 Application Publication No. 2018-0078159-A1, the contents of which are hereby

mcorporated by reference in their entirety. Generally, any other heart pump system or system
for obtaining physiological data from a patient may be used with the present disclosure. For
example, the differential pressure signal and motor current data may be displayed on an
miterface that is connected to or is part of a heart pump system like the Aotomated Impella

10 Controller (AIC). Raw features may be extracted from heart punp system signals. The heart
pump system may have a display, such as a placement screen that displays real time operating
data for the heart pump system. Such a placement screen may display the differential
pressure signal and motor current waveforms as well as the maximuem/minimom and average

values for cach waveform in the cendral display arca of the screen.
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[8048] In some implementations, the systems and methods described herein may relate to
the Impelia 5.0 device of the IMPELLA ® famuly of devices {Abiomed, Inc., Danvers MA).
{0049] FIG. 1 shows an illustrative heart pump system, inserted into a blood vessel of a
patient and configured to estimate cardiovascular parameters, according to certain
implementations. The heart pump system 100 may operate within a heart, partially within the
26 heart, cutside the heart, partially outside the heart, partially outside the vascular system, or in
any other suitable location mm a patient’s vascular systera. The heart pump systom may be
considered “in position” when camnula 173 is placed across the aortic valve such that a blood
mlet {e.g., blood mlet 172) to the pumyp is within the left ventricle and an outlet {e.g., outlet
openings 170} from the pump is within the aorta. The heart pamp system 100 includes a
25 heart pump 106 and a control system 104, All or part of the control system 104 may beina
controfler vnit separate/remote from the heart pump 106, In some implementations, the
control system 104 is internal to the heart pump 106. The control system 104 and the heart
pump 106 are not shown to scale. The pump systern 100 mcludes an elongate catbeter body
108, a motor housing 102 and a drive shaft in which a pump element is formed. The pump
36 100 meludes a pump housing 134, and a motor housing 102 coupled to acannula 173 ata
distal end 111 of the motor housing 102. An impeller blade on the drive shaft may be rotated
within a pump housing 134 to induce a flow of blood into the cannula 173 at a suction head

174. The suction head 174 provides a blood mlet 172 at the distal end portion 171 of'the
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cannula 173, The flow 109 of blood passes through the cannula 173 in a first direction 108
and exits the cannula 173 at one or more outlet openings 170 of the cannula 173,

{0030} The rotation of the drive shaft within the pump housing 134 may also rotate a pump
clement within a bearing gap. A hemocompatible fimd may be delivered through the
elongate catheter 105 through the motor housing 102 to a proximal end portion of the cannula
173 where the fluid is pressurized by the rotation of a pump element. The flow of
hemocompatible flind has a second direction 122 through the bearing gap of the pwop. After
exiting the bearing gap, the hemocompatible fhud may follow flow direction 123 and become
entrained in the flow of blood and flows into the aorta with the blood.

{0051} The heart pump 100 is inserted into a vessel of the patient through a sheath 175,

The pump housing 134 may enclose the rotor and internal bearings and may be sized for
percutancous insertion into a vessel of a patient. In some implementations, the pump may be
advanced through the vasculature and over the aortic arch 164. Although the pump is shown
in the left ventricle, the pump may altersatively be placed m the right heart, such that the
blood 1s pumped from the patient’s mferior vena cava or right atrium, through the right
ventricle into the polmonary artery.

{0852} A flexible projection 176 may also be included at a distal end portion 171 of the
cannula 173, distal to the suction head 174, in order to position the heart pump 100 optimally
i a vessel or chamber of the heart. The flexable projection 176 may prevent the suction head
174 from approaching the wall of the vessel where it may become stuck due to suction. The
flexible projection 176 mav extend the pump 100 mechanically, but not hydraulically, as the
flexible projection 176 may be non-sucking. In some implementations, the flexible
projection may be formed as a pigtail. In some aspects, the pump need not inclade a flexible
projection.

16053} The elongate catheter 105 houses a connection 126 that may comprise a fluid
supply line and may also house electrical connection cables. The connection 126 may supply
a hemocompatible fluid to the pump from a fluid reservoir that may be contained within
control systern 104.

{0654} The control system 104 includes controller 182 controls pump 106, including, for
example, controlling power to the motor or controlling the motor speed may also inclade a
heart parameter estimator 116, In some implementations, the control svstem 104 includes
display screens to show measurements such as differential pressure signal and motor current.
The control systerm 104 may include civcuitry for monitoring the motor current for drops in

current indicating air in the line, changes in differential pressare signal, flow position,
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suction, or any other suitable measurement. The control system 104 may include waming
sounds, lights or indicators to alert an operator of sensor failures, disconnects or breaks in the
connection 126, or sudden changes to patient health.

[B055] The control system 104 can include a current sensor {not shown). The controller 182
supplies current 1o the motor 108 by the connection 126 such as throagh one or more
electrical wires. The current supplied to the motor 108 via the connection 126 is measured by
the current sensor. The load that the motor of a mechanical pump experiences is pressure
head, or the difference between the aortic and left ventricular pressure. The heart pump 106
experiences a nominal load during steady state operation for a given pressure head, and
variations from this nominal load are a result of changing external load conditions, for
example the dynamics of left ventricular contraction. Changes to the dynamic load conditions
alter the motor current reguired to operate the pump rotor at a constant, or sabstantially
constant, specd. The motor may operate at a speed required to maintain the rotor at a set
speed. As a result and as further described below, the motor current drawn by the motor to
maintain the rotor speed can be monitored and used to understand the underlving cardiac
state. The cardiac state can be even more precisely quantified and understood by
simultancously monitoring the pressure head dunng the cardiac cycle using a pressure sensor
112. The heart parameter estimator 185 receives current signals from the current sensor as
well as pressure signals from the pressure sensor 112, The heart parameter estimator 185 uses
these current and pressure signals to characterize the heart’s function. The heart parameter
estimator 185 may access stored look-up tables to obtain additional information to
characterize the heart’s function based on the pressure and current signals. For example, the
heart parameter estimator 185 may receive an aortic pressure from the pressure sensor 112,
and using look-up tables, may use the aortic pressure to determine a delta pressure.

{0056} The pressure sensor is a flexible membrane integrated into the cannula 172, As
described above, one side of the sensor 1s exposed to the blood pressure on the outside of the
cannula and the other side is exposed to the pressure of the blood inside of the cannula. The
sensor generates an clectrical signal (the differential pressure signal) proportional to the
difference between the pressure outside the cannula and the pressure inside, which may be
displayed by the heart pump system. When the heart pump system is placed in the correct
position across the aortic valve, the top (outer surface) of the sensor is exposed to the aortic
pressure and the bottom (inner surface) of the sensor is exposed to the ventricular pressure.
Therefore, the differential pressure signal 18 approximately equal to the difference between

the aortic pressure and the ventricular pressure.
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{8057} FIG. 2 shows a process 200 for deternuning an estimate of time-varving differential
pressure based on motor current, according to certain implementations. The process 200 can
be performed using any suitable heart pump system. such as that described in FIG. 1. In step
210, first data indicative of a time-varying motor current during a first period of time is
recetved. The first data {also referred to as motor current data) may be part of a motor
current signal. The motor current data describes current delivered to a motor in a heart pump
system, as described above. For example, the motor may be operated at a rotational speed
necessary 1o maintain a constant or substantially constant rotational speed of the rotor. The
current may be measured using a current sensor {e.g., the current sensor described i relation
to FIG. 1) or by any other suitable means. Tn step 212, second data indicative of a time-
varying differential pressure during the first time 18 received. The second data (also referred
to as differential pressure signal data) may be part of a differential pressure signal. In some
implementations, the differential pressure signal data describes changes in pressure measured
bv a differential pressure sensor {¢.g., pressure sensor 112}, The differential pressure sensor
may be an optical pressure sensor, an electrical pressure sensor, a MEMS sensor, or any other
suitable pressure sensor.  The differential pressure signal can be used by clincians {o
meonitor the position of the heart pump relative to the patient’s aortic valve. The differential
pressure signal and motor current signal may be displaved 1o a clinician or other operator of
the heart pump svstem. In some aspects, the first data and the second data are received or
acquired from the heart pump system, which may be located at least partially within the
patient’s heart during the first ime period.

{0658} A relationship between differential pressure and motor current for the heart pump
system 1s determined. The relationship is determined using traming data, which may
comprise the motor current data and differential pressure signal data recetved in steps 210
and 212, as described above. In some aspects, the motor current data and differential
pressure signal data are acquired while the heart pump system is operating at a single P-level.
P-level is the performance level of the heart pump system and related to flow control of the
system, presenting the motor speed. As P-level increasces, the flow rate, motor current, and
revolutions per minute associated with the heart pump systern increase. For example, the
motor current data and differential pressure signal data may each comprise 1000 sample
points {(the frequency of real-time data collection is 23 Hz) corresponding to the same 40
sccond pertod of time, during which the heart pumap systemn was operating at P-level P-8.
[B039] The svstems and methods described herein may calculate a model to represent the

training data. In some aspects, the systems and methods described herein calculate a
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representative relationship between the motor current and the differential pressure signal by
plotting the differential pressure signal data values with respect to the motor current data
values, and/or determining a multiinear regression of the resulting curve. This curve and the
associated multilinear regression are representative of the relationship between motor current
and differential pressure signal for the heart pump system from which the motor current data
and differential pressure signal data were acquired. This curve and the associated multilinear
regression may be indicative of operating characteristics of the specific heart pump system
from which the first data and second data (relating to motor current and differential pressure
respectively ) were acquired. For example, these operating characteristics may mclude
mintmum and maximum differential pressure, minimum and maxuvum motor current, and
the mtlection point between the first and second phases of operation at a given performance
fevel.

{0860} In optional step 216, the systems and methods described herein determine the
pressure sensor has faitled.  In some aspects, the systems and methods may determine the
pressure sensor has failed when the svstem no longer receives any differential pressure signal
data, or when no data s received from the differential pressare sensor during the second
period of time. In some aspects, the systems and methods described herein may determine
the pressure sensor needs fo be re-calibrated, as described in further detail below in relation to
FIGS. 14-15. After determining the pressare sensor needs to be re-calibrated, an estimate of
differential pressure signal, such as that described below in step 220, may be relied on for
turther calculations such as suction, flow, and position, rather than the measured differential
pressure signal .

18061} Instep 218, third data indicative of time-varying motor current doring a second
period of time later than the first period of time is received. The third data (referred to
bereinafier as additional motor current data} is measured by the same sensor of the same heart
pump system as described above in relation to the motor current data of step 216, The
additional motor current data may represent a period of time after that represented by the
motor current data reecived in step 210. In some aspects, the additional motor current data
may have been acquired at a different P-level than the motor current data of step 210. For
example, the additional motor data may represent a 2 second period of time during which the
heart pump system was operating at P-level P-6.

{0062} To step 220, an estimate of time-varying differential pressure during the second
period of time 1s determined from the third data and the relationship between the first data

{motor current data) and the second data (differential pressure signal data) described above.
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If the P-level used for collection of the motor current data and differential pressure signal
data is different from that used for collection of the additional motor current data, the
relationship must be scaled to account for the change in P-level, as described below in
relation to FIG. 4. Once the relationship has been scaled, the systems and methods described
herein determine whether, for the additional motor current data, the heart pump system is in
“Phase A” or “Phase B”, as described below in relation to FIG. 3. Phase determination is
dependent on motor current values during the start and end of the diastolic phase of a cardiac
cyele, which depend on patient pressure and P-level. Then, each additional motor current
data value 1s mapped to a corresponding Phase A or Phase B differential pressure signal
value. In some implementations, this simulation occurs in near real time and can be
displaved to an operator of the heart pump svstem. If the pressure sensor has failed, the
estimated differential pressure signal may be displayed instead of the measured differential
pressure signal, allowing a clinician to still view differential pressure signal data i spite of
the pressure sensor fatlure. In some aspects, the heart pump system may display a
notification indicating that the differential pressure sensor has failed or is unrehable. In some
aspects, the heart pump svstem may display a notification indicating that the estimate of time-
varying differential pressure is simulated and/or that the heart pump system is displaying the
estimate of differential pressure signal, rather than the measured differential pressure signal.
{8863}  An accurate differential pressure signal can be used not only to propesly position a
heart pump system within a patient, but also to determine additional metrics such as flow,
position, suction, drift, and cardiac output (which can be calculated from flow). Flow s the
flow rate of blood through the pump m the heart pump system. Flow can be used to calculate
cardiac output for a patient and provides a measure of the mechanical assistance provided to
the heart by the heart pump. The blood flow through a healthy heart averages about 5
hiters/minute, and the blood flow through the heart pump system can be a similar or different
flow rate. Suction occurs when the blood volume available for the heart pump svstem s
madequate or restricted. Suction is highly important to monitor, as it limits the amount of
support the heart pump svstem can provide and mav indicate the heart pump is blocked, for
example, if the mlet area of the pump is lodged against patient tissue. Position is the actual
positioning of the heart pump within the patient’s heart, which is important to the proper
operation of the heart pump system. Drift is when the measured differential pressure signal
drifts up or down from expected or consistent values. If the differential pressure signal begins
to drift, the pressure sensor may need to be recalibrated. Tn some implementations, the

system may determine that pressure sensor needs to be recalibrated and the system may
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display a warning or signal to the user to re-calibrate accordingly or may automatically
recalibrate the sensor.
[0064] As moentioned above, the differential pressure signal may be used 1o deternune
whether the heart pump system is properly positioned in a patient’s heart. When the heart
5 pump system is correctly positioned across the aortic valve, the changes n pressure

associated with the cardiac cycle results in a pulsatile differential pressure signal. When the
heart pump system is not properly places across the aortic valve, or when it 1s fully 1o the
aorta or fully in the ventricle, the pressures outside and inside the cannula are the same
throughout the cardiac cyvele. As a result, the pressure on either side of the sensor membrane

10 isthe same, resulting in a flat differential pressure signal. I, however, the differential
pressure signal 1s unreliable, it may difficult for clinicians to determine if the system is
positioned correctly, in which case an estimated differential pressure signal would be very
useful.

{6665] The heart purop systers may be operated to achieve the maximum possible flow
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without causing suction. Flow rate can vary due to incorrect positioning or suction. If the

blood volume available for the heart pump s inadequate or restricted, the heart pump system

may trigger a suction alarm. Suction limits the amount of support that the heart puiap system
can provide to the patient, resulting in a decrease in arterial pressure and cardiac output; can
damage blood cells, leading to hemolysis; and may also be an indicator of right heart failure.

26 Thus, it is tmportant 1o monitor suction during operation of the heart pump system.

[0066] FIGS. 3-18 further 1llustrate various implementations and example results of the
present disclosure. FIG. 3 shows an example of the relationship between differential pressure
and motor current for a specific heart pump at different performance levels. The curves
shown in FIG. 3 were calculated using motor current and differential pressure signal data,

25 such as that described above in relation to steps 210 and 212, FIG. 4 shows an example of
the training data described above in relation to steps 210 and 212. FIG. § shows an example
of the relationship between differential pressure and motor current for a specific heart pump
at a single performance level, operating in the first phase only. FIG. 6 shows an example of
motor current data, such as that described n relation to step 210 above, during operation in

3¢ the first phase. FIG. 7 shows an example of motor current data, such as that described in

relation to step 210 above, during operation in the second phase. FIG. & shows an example of

the relationship between differential pressure and motor current for a specific heart pump at a

single performance level, for both the first phase and the second phase. The curve shown

FIG. 8 may be an example of one of the multiple curves shown in FIG. 3. FIGS. 9-10 show
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measured differential pressure signal data and an estimate of differential pressure signal, such
as that described above in relation to steps 218 and 220 respectively. FIG. 11 shows
measured differential pressure signal, an estimate of differential pressure signal (such as that
described 1n step 220), motor current (such as that descried in step 218), and rotations per
minute of the heart pump motor’s rotor (such as that described above in relation to FIG. 1).
FIGS. 12-13 show measured differential pressure signal, an estimate of differential pressure
signal (such as that descrbed in step 220), and motor current (such as that described in step
218), resulting from training at a first P-level and testing m the first and a second P-level.
FIGS. 14-1S5 show the drift of measore differential pressure signal in comparison to motor
current data (such as that in step 210 or step 218) and an estimate of differential pressure
signal (such as that in step 220). As will further be deseribed i relation to FIGS. 14-15
below, the estimated differential pressure signal may also be used to determine whether the
differential pressure signal is drifting or has drifted, and whether the sensor needs to be re-
calibrated. FIGS. 16-18 show results of the efficacy of the estimate of flow rate calculated
using estimated differential pressure signal (such as that i step 220) when compared to flow
rate calenlated using measured differential pressure signal.

{0067} FIG. 3 shows a plot 300 of differential pressure signal versus motor current for a
heart pump system operating at nine different performance levels, according to certam
mmplementations. The v-axis of plot 300 represents differential pressure signal in mmHg,
while the x-axis represents motor current in mA. Hach curve P-1 through P-9 is indicative of
a represcotative curve for the same heart pump system operating at different performance
level, or P-level {e.g., curve P-1 corresponds to operating performance level P-1), which
relates to flow control of the heart pomp system. Higher P-levels correspond to higher flow
rates and revolutions per numute associated with the heart pump system.

{0068} As isdepicted in FIG. 3, the relationship between differential pressure and motor
current for a heart pump system scales across performance levels. Accordingly, if the
relationship between differential pressure and motor carrent for a given heart pamyp system is
determined at a first P-lovel {c.g., P-8), the relationship between differential pressure and
motor current for the heart pump system may be scaled to determine the relationship between
differential pressure and motor current for that heart pump system at a second P-level (e g., P-
6). For example, in the case shown in FIG. 3, differential pressure signal and motor current
data was collected at P-8 for a heart pump system. This data is partially represented by points
310,312,314, 316, 318. Dashed lines 302, 304, 308 represent the linear scaling of the

relationship between differential pressure and motor current. Specifically, line 302 represents

20



pet
e

36

WO 2019/178512 PCT/US2019/022535

hinear scaling of the maximum differential pressure signal between P-levels. As the P-level
mereases, the maximuom differential pressure signal increases. Line 304 represents linear
scaling of the ntlection point of the relationship between ditferential pressure and motor
current between P-levels. As the P-level increases, the inflection point lincarly increases.
Line 308 represents hincar scaling of the mimmum differential pressure signal between P-
fevels. Asthe P-level increases, the minimom differential pressure signal decreases. For
example, by determining the maximum differential pressure signal, nuniroum differential
pressure signal and inflection point at P-8, the maximum differential pressure signal,
minimum differential pressore signal, and inflection points may be calculated for P-1 through
P-7 and P-9. In some implementations, the scaling between P-levels may be accomplished
using a scaling factor. To determine the scaling factor, the maximum, nunimum, and
wflection points are found at all P-levels for a series of N heart pump systems. Al N heart
pump systems are the same kind of heart pump system, operating under similar conditions,
Linear fits arc calculated for the maximum, minmmum, and inflection points across all P-
levels for all the N heart pump systems data. These linear fits are then used to determine the
scaling factor for the N heart pumyp system’s maximum, mimnmon, and mflection points.
The three scaling factors for the N pumps are very similar, and they are then averaged to
determine a general scaling factor for all pump of that pump type.

[0869]  As can be seen in cach of curves P-1 through P-9, for a given motor current value,
there may be multiple corresponding differential pressure signal values, even for a single
performance level curve. The corresponding differcotial pressure signal values for a single
motor current value are either categorized as “Phase A” or “Phase B”. Plotted values of P-1
through P-9 that are above the mflection point hine 304 are categorized as Phase B values.
Plotted values of P-1 through P-9 that are below the mflection point line 304 are categorized
as Phase A values. For example, points 310, 312, 314, 316, 318 arc Phase A values of P-
fevel P-8. When determining an estimate of time-varying differential pressure, as described
above, the systems and methods described herein determine whether a motor current signal is
in Phasc A or Phase B, and determine the corresponding estimate of differential pressure
signal value accordingly. For example, if the measured motor current was 600 mA while
operating at P-level P-§, the corresponding differential pressure signal value would be 42
mmHg if the measured motor current is in Phase A and would be 110 mmHg is the measuored
motor current is in Phase B, Methods of distinguishing between Phase A and Phase B from

measured motor current values will be described below m relation to FIGS. 6-7.
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[8070] FIG. 4 shows plots of motor current, differential pressure signal, and flow over time,
according to certain implementations. The v-axis of plot 410 indicates motor current
measured in milliamps (mA), the v-axis of plot 420 mdicates differential pressure signal
measured in millimeters of mercury {mmHg), and the v-axis of plot 430 indicates flow in
liters per munute (L/m}. Plots 410, 420, 430 are representative of the same period of time,
measured in samples along the respective x-axes of the plots. The plots vary in a somewhat
cyclical manner, such that cach plot has alternating peaks and troughs. A peak of motor
current 410 corresponds to a trough 1 differential pressure signal 420 and a peak in flow 430.
For example, at the 100 samples mark, the motor corrent 410 is at a local maxamum, while
the differential pressure signal 420 is at a Jocal minimum at the same time.

{0071} Plots 410 and 420 represent data measured from current and pressure sensors,
respectively, for a single heart pump system, such as that described above in relation to FIG.
1. Each “dot” along the plots represents a measured data point. The measured data pomnts
were best-fit to provide the plots 410 and 420. The data represented by plots 410 and 420 1s
used as training data, as described above to build a model representative of the relationshup
between differential pressure and motor current relationship for the heart pump system.
{0672] FIG. 5 shows a plot of differential pressure signal versus motor current for a specific
heart pump system, according to certain implementations. The y-axis of plot 500 represents
differential pressure signal in mmHg, while the x-axis represents motor current in mA. Ata
specific point in time, differential pressure signal and motor current are measured for a
particular heart pump. These two measurements are notated by a dot i plot 500, For
example, the data points from plots 410 and 420 of FIG. 4, described above, may be
represented by dots in plot 500, A multilinear approximation may be used to determine a
best-fit curve 510 to represent the training data. Best-fit curve 510 is representative of the
specitic heart pump system used in this instance to acquire the data shown in FIG. 4 and S,
{8873} From plots depicting motor current over time, sach as FIG. 6 and 7, the systems and
methods described herein may determine if a heart pump system is in Phase A or Phase B.
The slope of a direct line between the start point and end point of diastole indicates whether
the system 1s in Phase A or Phase B. A positive slope is indicative of Phase A, while a
negative slope 1s indicative of Phase B. A local motor current minimum occurs directly
before systole in Phase B, while a local motor carrent minimuam occurs directly after systole
mn Phase A. Whether a heart pump system is in Phase A or Phase B depends on patient
pressure and P-level. Phase B is more likely to occur at lower P-levels (and lower motor

current values). Higher differential pressure signal vahies occur in Phase B.
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{8674} FIG. 6 shows a plot of motor carrent over time for Phase A, according to certain
mplementations. The y-axis of plot 600 represents motor current in mA, while the x-axis
reprosents time in samples. Circle 602 indicates the start of diastole. Circle 604 indicates the
end of diastole. The slope between circles 602 and 604 is positive, indicating that the heart
pump system is i Phase A,

{8675] FIG. 7 shows a plot of motor current over time for Phase B, according to certain
implementations. The y-axis of plot 700 represents motor current in mA, while the x-axis
represents time in samples. Circle 702 indicates the start of diastole. Circle 704 indicates the
end of diastole. The slope between circles 602 and 604 is negative, indicating that the heart
punyp system s in Phase B.

[B076] FIG. 8 shows a plot of differential pressure signal versus motor current for a heart
pump system, according to certain implementations. The yv-axis of plot 800 represents
differential pressure signal in munHg, while the x-axis represents motor current in mA. Line
810 demarcates a motor current value of 710 mA. Joflection point 840, at approximately 50
mmHg, indicates the “change” from Phase A to Phase B. Points above inflection point 840
are m Phase B, while pomts below nflection point 840 are 1n Phase A. At higher motor
current values (over approximately 730 mA), the heart pump system operates in Phase A and
there are no longer corresponding Phase B values. Circles 820 and 830 indicate two potential
differential pressure signal values corresponding to the 710 mA motor carrent value indicated
by line 810. Circle 820 indicates a value of approximately 40 mmHeg, and is in Phase A.
Circle 830 indicates the corresponding Phase B value of approximately 90 numHg.

[8077F FIG. 9 shows a plot over time of real, simulated and simulated Phase A differential
pressure signals, according to certain implementations. The y-axis of plot 900 represents
differential pressure signal in mmHg, while the x-axis represents time in samples. Curve 910
shows the differential pressure signal as measured by a differential pressure sensor of a heart
pump system. The simulated differential pressure signal carve 1s an estimated differential
pressure signal, as simulated by the systems and methods described herein and overlaps
entirely with curve 912, The simulated curve is therctore not vistble i plot 900, Curve 912
is indicative of a “Phase A” differential pressure signal simulation according to the systems
and methods described herein. The simulated Phase A differential pressure signal 912 and
simulated differential pressure signal match entirely because the heart pump system operated
cntircly in Phase A during this time frame, as can be confirmed by the positive slope during
drastolic phases. Plot 900 may be used to validate the performance of the simulated

differential pressure signal. As can be seen in plot 900, the real differential pressure signal
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910 and stmulated differential pressure signal 912 match quite closely. The period, average,
maximun, and nunimum of the two signals 910 and 912 are especially close. These values
are significant metrics used in flow, positioning and suction calculations. Differential
pressure signal minimum 1s used to determine flow maximum; differential pressure signal
maximum is used to determine flow minimuom; and differential pressure signal average is
used to determine flow average. Flow average, maximum, and minimum may be displaved
to a clinician through a user interface.

[8078] FIG. 10 shows a plot of over time of real, simulated and simulated Phase A
differential pressure signals, according to certain implementations. The y-axis of plot 1000
represents differential pressure signal in nunHg, while the x-axis represents time in samples.
Curve 1010 shows the differential pressure signal as measured by a differential pressure
sensor of a heart pump system. Carve 1012 shows an estimated differential pressure signal,
as simulated by the systems and methods described herein. Curve 1014 partially overlaps
with curve 1012 and s indicative of a “Phase A” differential pressure signal simulation
according fo the svstems and methods described herein. The simulated Phase A differential
pressure signal 1014 and simulated differential pressure signal 1012 do not match entirely
{mostly deviated around the peaks) because the heart pump system operated at least partially
m Phase B during this time frame, as can be confirmed by the negative slope during diastole
cycles. Plot 1000 demonstrates the importance of determining whether the heart pump
system is operating in Phase A or Phase B. While the simulated Phase A signal 1614
matched the pertod and minimum real values quite closely, it did not match the maxuoum or
average values measured by the differential pressure sensor and shown in curve 1010, While
simuldated carve 1012 does not entirely overlap with real signal 1010, it provides a good
enough estimation of the real differential pressure signal (especially the nuntmum and
maximum values) by taking into account Phase B, which can be used for flow calculation and
position/suction alarms.

{06791 FIG. 11 shows plots of differential pressure signal, motor current and rotations per
minute (RPM) for a heart punip system over time, when the performance level of the beart
pump system has changed, according to certamn mmplementations. Plot 1110 shows
differential pressure signal validation, plot 1120 shows motor current over time, and plot
1130 shows RPM over time. The three plots 1110, 1120, 1130 are indicative of simultancous
measurements of the same heart pump system operated over the same time period. The v-
axis of plot 1110 represents differential pressure signal in mmHg, while the x-axis represents

time in samples. Curve 1112 represents differential pressure signal measured by a
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differential pressure sensor. Curve 1114 represents an estimate of differential pressure signal.
The y-axis of plot 1120 represents motor current in mA, while the x-axis represents time in
samples. Curve 1122 represents motor current over time as measured by the heart pump
systern. The y-axis of plot 1130 represents RPM, while the x-axis represents time in samples.
5 Curve 1132 represents RPM over time as measured by the heart pump system. Boxes 1116,
1126, 1136 denote a period of time of operation of the heart pump system at a first P-level.
Boxes 1118, 1128, 1138 denote a period of time of operation of the heart pump system at a
second P-level. The second P-level is lower than the first P-level. Once the P-level was
lowered between boxes 1116, 1126, 1136 and boxes 1118, 1128, 1138, the RPM and motor
16 current all decreased.
[0088]  As represented by FIGS. 11-13, the heart pump system was run at the first P-level to
acguire training data comprising motor current and differential pressure signal data. The
training data was used to determine a relationship between the motor current and differential

pressure signal data at that P-level. The relationship was then used to determine the estimate
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of differential pressure signal shown by curve 1114 i box 1116, which closely matched the

measured differential pressure signal shown by curve 1112, The heart pamp system was then

operated at the second, lower P-level. The relationship between differential pressure and

maotor current was scaled to account for the lower P-level, as described above in relation to

FIG. 3. The estimated differential pressure signal was then determined at this second P-level

26 using the scaled, determined relationship. The estimated differential pressure signal 1114
again closcly matched the measured differential pressure signal 1112, as shown in box 1118,
[8081] FIG. 12 shows plots of differential pressure signal and motor current over time at a
first P-level, according to certain implementations. Plot 1210 15 an enlarged view of box
1116 as shown m FIG. 11. The y-axis of plot 1210 shows differential pressure signal

25 measured in mmHg. Plot 1220 is an enlarged view of box 1126 as shown in FIG. 11, The y-
axis of plot 1220 shows motor current measured in mA. The x-axes of plots 1216 and 1220
show time measured in samples for the same time period. Plot 1210 displays measured
differential pressure signal curve 1212, simulated placement curve 1214, and simulated Phase
A differential pressure signal curve 1216, Simulated Phase A differential pressure signal

3¢ curve 1212 almost overlaps simmsdated differential pressure signal carve 1214, mdicating the

differential pressure estimation was accurate.

{0082} FIG. 13 shows plots of differential pressure signal and motor current over time at a

second P-level, according to certain implementations. Plot 1310 15 an enlarged view of box

1118 as shown in FIG. 11. The v-axis of plot 1310 shows differential pressure signal
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measured in mmHg. Plot 1320 is an enlarged view of box 1128 as shown in FIG. 11, The y-
axis of plot 1220 shows motor current measured in mA. The x-axes of plots 1310 and 1320
show time measured in samples for the same time period. Plot 1310 displays measured
differential pressure signal corve 1312, simulated placement curve 1314, and sirnulated Phase
A differential pressure signal curve 1316, Simulated Phase A differential pressure signal
curve 1312 almost overlaps simulated differential pressure signal curve 1314, indicating the
differential pressure estimation was accurate.

[8083] Even though the relationship between differential pressure and motor current had
not been “built” using training data acquired at the second P-level, the estimated differential
pressure signal 1314 still closely matched the measured differential pressure signal 1312 at
that P-level. These results indicate that the scaling process used when switching between P-
levels is rehiable and provides results on par with those measured at the P-level used for
training.

{6684] FIG. 14 shows plots of differential pressure signal drift and motor current over tine,
according to certain implementations. The v-axis of plot 1410 represents differential pressure
signal in mmHg, while the x-axis represents time in samples. The y-axis of plot 1420
represents motor current in mA, while the x-axis represents time in samples over the same
time period as that represented in plot 1410, Motor current 1420 1s maintained over time,
with roughly the same mean value for the entire time period. During this same time period,
the differential pressure signal (as measured by a pressure sensor) increased significantly,
from a mean value of approximately 20 mamHg to a mean value of approximately 80 sunHg.
When the mean motor current value is steady over a significant period of time, the mean
differential pressure signal should also be steady for that period of ime. Differential pressure
signal 1410 is “drifting” in this case, indicating that the pressure sensor is no longer providing
an accurate measurerent.

[6085] FIG. 15 shows plots of differential pressure signal drift and estimated differcntial
pressure signal over time, according to certain implementations. The y-axis of plot 1500
represents difforential pressurs signal in ramHg, while the x-~axis represents time in sanples.
Curve 1510 represents measured differential pressure signal, curve 1512 represents the
average of the measured differential pressure signal, curve 1514 represents simulated
differential pressure signal, and curve 1516 represents the average of the simulated
differential pressure signal. Measured differential pressure signal 1510 1s drifting, while the
estimate of the differential pressure signal {the simulated differential pressure signaly 1514

remains steady. If the measured differential pressure signal diverges from the simulated
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differential pressure signal, particularly after a period of time where the average measured
differential pressure signal 1512 closely matched the simulated average differential pressure
signal 1516, the systems and methods described herein may detenmine the pressure sensor
(providing the measured differential pressure signal data) needs to be recalibrated. In some
implementations, the sensor may be re-calibrated automatically. In some aspects, the heart
pump system may display a notification to the user indicating the sensor needs to be re-
calibrated.

[6086] In some implementations, to determine whether the differential pressure signal is
drifting, the systems and methods described herein may calculate a difference between the
differential pressure signal or the average of the differential pressure signal {e.g., curve 1512)
and the estimate of the differential pressure signal {e.g., curve 1516) or the average of the
estimate. This difference may be compared to a threshold. If the difference exceeds the
threshold, the differential pressure signal had drifted. I the difference is below the threshold,
the differential pressure signal has not drifted. The threshold may be 10 numHg, 20 mmHg,
or any suitable amount. For example, the threshold may be 13 mmHg, and the curve 1512
may be determined to be drifting at sample 4.000e+4 1n FIG. 15, In some implementations,
the svstem may determine a first difference between the measured differential pressure signal
and the estimate at a first time and a second difference between the measured differential
pressure signal and the estimate at a second time. If the second difference is substantially
larger than the first difference, the system may determine the measured pressure signal has
drifted. In some implementations, the difference between the measured differential pressure
signal and the estimate may be measured periodically or continuously monitored. Ifthe
difference increases over time, the system may determinge the measored pressure signal is
drifting.

{0087} FIGS. 16-18 show metrics for measuring the success of flow estimation based on
simulated differential pressure signal, such as the simudated differential pressure sigoal from
the systeras and methods described above, according to certain implementations. FIGS. 16-
18 result from a validation test perfornmed using data from puraps with reliable differential
pressure signals {e.g., pumps containing accurate differential pressure sensors that did not fail
during testingy.  Flow is an important metric for a clinician’s use m determining how the
pump is doing. To understand the performance and status of the heart pump system, the
clinician may require the mean. maximum, and minimum flow values, which may be

displayed to the clinician through a user interface.
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{0688} FIG. 16 shows a histogram of mean flow estimation error, according to certain
mplementations. Display 1600 comprises a mean flow estimation histogram, an estimation
crror distribution, a confidence interval distribution, and a results table. The mean flow
estimation error histogram is centered at zero with a narrow peak, indicating matching
5 results, with little error. The mean flow estimation error is representative of the difference

between the mean of the flow calculated from the measuored differential pressure signal and
the mean of the flow calculated from cstimate of differential pressure signal.
16689} FIG. 17 shows a lustogram of maximum flow estimation error, according to certain
implementations. Dhsplay 1700 comprises a maximum flow estimation error bar graph, an

10 estimation error distribution, a confidence interval distribution, and a results table. The
maxiroum flow estunation error histogram 1s centered at zero with a narrow peak, indicating
matching results, with little error. The maximum flow estimation error is representative of the
difference between the local maximums of the flow calcolated from the measured differential

pressure signal and the local maximurs of flow calculated from the estimate of differential
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pressure signal.
[8098F FIG. 18 shows a histogram of minimum flow estimation ervor, according to certain
implementations. Display 1800 comprises a minimum flow estimation error bar graph, an
estimation error distribution, a confidence interval distribution, and a results table. The
mintmum flow estimation error histogram is centered at zero with a narrow peak, indicating
20 matching results, with little error. The minimom flow estimation error is representative of the
difference between the local minimums of the flow caleulated from the measured differcutial
pressure signal and the local minimums of the flow caleulated from the estimate of
differential pressure signal.
{00691} In some aspects, the heart pump svstem may output suction and/or position alarms.
25 The reliability of such alarms when relving on an estimated rather than measured differential
pressure signal may be a asefud metric for determuning the efficacy of the estimated
differential pressure signal. In some implementations, a position alarm may be triggered if
the pulsatiiity of the differential pressure signal is less than a threshold value. The alarm may
mdicate that the positioning of the heart pump system within a patient’s heart is incorrect.
36 For example, the position alarm may be triggered if the pulsatility of the differential pressure
signal falls below 10 mmHg. This alarm may prompt a clinictan to adjust the positioning of
the heart pump system. If the pressure sensor measuring the differential pressure signal fails,
the heart pump system may rely on the estimated differential pressure signal (determined by

the systeras and methods described above) to trigger the position alarm. To determine the
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reliability of the estimated differential pressurce signal in triggering the position alarm, real
alarm cases triggered by measured differential pressure signal values were compared to
cstimated difterential pressure signals triggering alarms for the same cases. A differential
pressure signal error allowance may be built in to the alarm calculation in order fo more
reliably trigger the alarm. This alfowance is built into the testing enviropment in this case to
address the cases for leading to false positive or false negative alarm when the cases are
barelv above or barelv below the threshold. As shown in Table 1, the total position alarm
precision for the estimated differential pressure signal for 20 cases was 97.9%, while the
position alarm recall was 100.0%.

[0092] Tn some aspects, a suction alarm may be triggered if the differential pressure signal
1s greater than a threshold for a period of time. The suction alarm may only be triggered if
the heart pump svstem is operating in certain P-levels. For example, the suction alarm may
be trigeered if the differential pressure signal is greater than a threshold for 10% of the 3
seconds window when operating i one of P-levels P5-P9. A suction error allowance may be
built in to the alarm calculation in order to more rehably trigger the alarm.  This allowance is
built into the testing environment in this case to address the cases for leading to false positive
or false negative alarm when the cases are barcly above or barely below the threshold. Ag
shown in Table 1, the total suction alarm precision for the estimated differential pressure

signal for 30 cases was 80.6%, while the position alarm recall was 93.2%.
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10093}

Position Alarm
Precision

Position Alarm
Recall

97.9%

100.0 %

Suction Alarm

Suction Alarm

Precision Recall
80.6% 932 %

Table 1.

The foregoing is merely itlustrative of the principles of the disclosure. and the

apparatuses can be practiced by other than the described aspects, which are presented for

purposes of illustration and not of limitation. It is to be understood that the apparatuses

disclosed herein, while shown for use in percutansous insertion of heart pumps, may be

applied to apparatuses in other applications requiring hemostasis.
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{8094} Vanations and modifications will occur to those of skill in the art after reviewing
this disclosure. The disclosed features may be implemented, in any combination and
subcombination (including nwltiple dependent combinations and subcombinations), with one
or more other features described heremn. The various features described or tllustrated above,
5  mclading any components thereof, may be combined or integrated in other systems.

Muoreover, certain features may be omitted or not implemented.
{6695] The systems and methods described may be implerented locally on a heart purap
system or a controller of a heart pump system, such as the AIC. The heart purop system may
comprise a data processing apparatas. The systems and methods deseribed herein may be

10 mplemented remotely on a separate data processing apparatus. The separate data processing
apparatus may be connected directly or mdirectly to the heart purp systers through cloud
applications. The heart pump system may communicate with the separate data processing
apparatus in real-time {or near real-time).

{6696] In general, aspects of the subject matter and the functional operations described n
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this specification can be implemented in digital electronic circuitry, or in computer software,
fimware, or hardware, mchuding the structures disclosed m this specification and their
structural equivalents, or in combinations of one or more of them. Aspects of the subject
matter described in this specification can be implemented as one or more computer program
products, i.¢., one or more modules of computer program instructions encoded on a computer
26 readable medium for execution by, or to control the operation of, data processing apparatus.
The computer readable medium can be a machine-readable storage device, a machine-
readable storage substrate, a memory device, a composition of matter affecting a machine-
readable propagated signal, or a combination of one or more of them. The term “data
processing apparatus” encompasses all apparatus, devices, and machines for processing data,
25 meluding by way of example a progranumable processor, a computer, or multiple processors
or computers. The apparatus can include, in addition to hardware, code that creates an
execution environment for the computer program in guestion, €.g., code that constitutes
processor fiurmware, a protocol stack, a database management systeny, an operating system, or
a combination of one or more of them. A propagated signal 1s an artificially generated signal,
3¢ e.g., amachine-generated electrical, optical, or electromagnetic signal that is generated to
encode information for transmission to switable receiver apparatus.
{0097} A computer program (also known as a program, software, software application,
script, or code} can be written in any form of programming language, mcluding compiled or

mterpreted languages, and it can be deploved i any form, including as a stand-alone program
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or as a module, component, subroutine, or other unif suatable for use in a computing
environment. A computer program may correspond to a file in a file system. A program can
be stored in a portion of a file that holds other programs or data (¢ .g., one or more scripts
stored in a markup language document), in a single file dedicated to the program in question,
or in meltiple coordinated files (e g., files that store one or more modules, sab programs, or
portions of code). A computer program can be deployed to be executed on one computer or
on multiple computers that are located at one site or distributed across multiple sites and
mterconnected by a communication network.

{8098} The processes and logic flows described in this specification can be performed by
one or more progranunable processors executing one or more computer programs to perform
functions by operating on mput data and generating output. The processes and logic flows
can also be performed by, and apparatus can also be implemented as, special parpose logic
circuitry, ¢.g., an FPGA (ficld programmable gate array) or an ASIC (application specific
integrated circuit).

{86991 Processors suitable for the execution of a computer program include, by way of
example, both general and special purpose microprocessors, and any One Or MOre Processors
of any kind of digital computer. Generally, a processor will receive instructions and data
from a read-only memory or a random access memory or both. The essential elements of a
computer are a progessor for performing instructions and one or more memory devices for
storing instructions and data. Generally, a computer will also include, or be operatively
coupled to receive data from or transter data to, or both, one or more mass storage devices for
storing data, ¢.g., magnetic, magoeto optical disks, or optical disks. However, a computer
need not have such devices.

{0108} Examples of changes, substitutions, and alterations are ascertainable by one skilled
n the art and could be made without departing from the scope of the information disclosed
herein. All references cited herein are incorporated by reference in their entirety and made

part of this application.
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