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Determination of Cardiac Parameters for Modulation of Blood Pump Support

Cross-reference o related applications

{0601} This application claims prionty to U.S. Provisional Application 62/517,668, filed Junc
9, 2017, utled “Determunation of Cardiac Parameters for Modulation of Blood Pump
Support,” and to U5, Provisional Apphication 62/635,662, filed February 27, 2018, titled
“Determination of Cardiac Parameters for Modulation of Blood Pump Support,” the contents

of cach of which are incorporated in their entivety by reference herein.

Backeround

{8602} Intravascular blood pumps provide hemodynanuc support and facilitate heart
recovery. Intravascular blood pumps are inserted into the heart and supplement cardiac oatput
in paraliel with the native heart to provide supplemental cardiac support to patients with
cardiovascular discase. An example of such a device is the IMPELLA ® family of devices
{Abwmed, Inc., Danvers MA}.

10603] Currently, it 1s difficult for clinicians to directly and guantitatively determine the
amount of support a device should deliver or when to terminate use of a cardiac assist device.
Thus, chinicians tend to rely on qualitative judgments and indirect estimates of cardiac
function, such as measunng intracardiac or miravascular pressures using fluid filled catheters.
Traditionally, left-ventricular pressure (LVP) is estimated by measurement of a Palmonary
Arterial Wedge Pressure (PAWP) or Pulmonary Capillary Wedge Pressure (PCWP) in which
a pulmonary catheter including a balioon is inserted nto a pubmonary arterial branch. PAWP
and PCWP are not an effective measurement of cardiac health, as the pulmonary arterial
catheters are intermittent, indirect, and inconsistent, resulting (n incorrect data which cannot
be used reliably by clincians to make clinical decisions regarding the level of cardiac support
required by a patient.

{0604} Blood pumps provide supplemental cardiac support by assisting in pumping blood
through the chambers of the heart, for example from the left ventricle or atrium into the aorta,
and from the right atrium or ventricle into the pulmonary artery. Blood pumps are typically
mserted to assist with cardiac support for a time period, after which the patient s weaned

from the blood pump support, allowing the heart to pump blood unsupported. Because
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chmicians do not have access to reliable information about cardiac function, patients arc often
weaned too early and too quickly causing unnecessary strain on the heart.

{8005} Accurate measurements of lefi-ventricular pressure, cardiac power output and other
cardiac vanables could allow clinicians to make better clinical decisions for patients based on
the current needs of the heart. Accordingly, there 15 a long-felt need for improvements over
the present day systems providing information about cardiac support and cardiac health to

clinicians.

Summary

{80606} In some implementations, a method for providing cardiac support to a heart includes
operating a blood pump positioned in the heart, the blood pump having a cannula, a motor
operating at a motor speed and drawing a vanable current to provide a level of cardiac
support to the heart. The blood pumyp also includes a controller coupled to the blood pump.
The method also includes the controller measuning an aortic pressure, measuring the motor
current and the motor speed, determining a pressure gradient across the cannula associated
with the motor current and the motor speed., using a processor to calculate a caleulated
cardiac parameter from the aortic pressure and the pressure gradient across the cannula
associated with the motor current and the motor speed, for example the left-ventricular
pressure {LYP) or left-ventricular end-diastolic pressure (LVEDP). The method also includes
recordimg the calculated cardiac parameter in a memory and using the calenlated cardiac
parameter to determine a heart function parameter, for example a measare of cardiac power
cutput. The method continues by determining 3 recommended change to the support
provided by the blood pump based on the calculated cardiac parameter and the heart function
parameter, and generating the recommended change to the support for display. The
recormmended change to the support may be, for example, a recommendation for increasing
or decreasing the motor speed during weaning, a recommendation to adjust the positioning of
the blood pump in response to a suction event, or a recommendation to change to a different
blood pump having different capabilities, among other recommendations. The method may
also include generating for display the calculated cardiac parameters and heart function
parameters. Displaving important cardiac parameters and heart function parameters allow
health care professionals to make informed decisions about the modulation of blood pump
support to patients. Further, the calculation of these parameters based on the motor current

and the motor speed of the blood pump and measured aortic pressure enable the
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determination of recommmendations for modulation and adjustment of the blood pump that can
be provided to health care professionals to aid in the determination of possible issues and o

prompt adjustments in care.

Brief Description of the Drawings

{8607} The foregoing and other objects and advantages will be apparent upon consideration
of the following detailed description, taken m conpunction with the accompanying drawings,
in which like reference characters refer to hike parts throughout, and in which:

{6008} FIG. 1 shows an intravascular heart pump system located m a heart;

{8009} FIG. 2A shows an example plot of motor current versus a pressure gradient;

10610} FIG. 2B shows an example plot of measured aortic pressure and calculated LVPas a
function of time;

{8611} FIG. 2C shows an example plot of the LVE waveform and the aortic pressure
waveform as a function of time;

{8612} FIG. 2D shows an example plot of the first time-based derivative of the LVP wave
form as a tunction of time;

{3013} FIG 2E shows an example plot of the second time-based denvative of the LVP wave
form as 3 function of time

{0614} FIG. 3 shows an exemplary user interface for a heart pump controller displaying
measurements over time;

18615} FIG. 4 shows a process for optimizing the performance of a blood pump m the heast
based on measured and calculated cardiac parameters;

{00616} FIG. SA shows an cxemplary user interface for a heart pump controller illustrating an
miermittent suction event at the blood pump;

{8617} FIG. 5B shows an exemplary user interface for a heart pump controller illastrating a
continuous suction even at the blood pump;

{8618} FIG. 5C shows an exemplary user interface for a heart pump controller itlustrating a
metric trend screen;

{8619} FIG. 5D shows an exemplary user interface for a heart pump controller illustrating
changes i heart function during weaning as captured by the displayed metrics;

{8020} FIG. 6 shows a process for determiming a cardiac power ouiput and displaying a

recommendation for modulation of pamp support to a aser;
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{80621} FIG. 7 shows a process for recommending an adjustment to a motor speed based on
measured and calculated cardiac parameters;

{8622} FIG. 8 shows a process for recommending an adjustment to a motor speed based on a
cardiac power output and LYEDP;

{0623} FIG. 9 shows a process for recommending a higher flow device for treatment based
on measured and calculated cardiac parameters;

{8624} FIG. 10 shows a process for recommending a phammaceutical therapy based on
measured and calculated cardiac parameters;

{8025} FIG. 11 shows a process for alerting a user of predicted adverse cardiac events based
on measured and calculated cardiac parameters; a

10626} FIG. 12 shows a process for balancing right and left-sided blood pump devices during
bi-ventricular support based on measured and calculated cardiac parameters;

{8627} FIG. 13 shows a process for automatically modifving a level of support provided by
the blood pump; and

{0628} FIG. 14 shows a block diagram of an exemplary blood pump system.

Detailed Description

{06625} To provide an overall understanding of the svstems, method, and devices describe
herein, certain illustrative embodiments will be described. Although the embodiments and
features descnbed herein are specifically described for use in connection with a percutaneous
blood pump system, 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 cardiac therapy and cardiac assist devices, including cardiac assist
devices implanted using a surgical incision, and the like.

103630} The systems, devices, and methods described herein provide mechanisms for
providing cardiac parameters and heart function parameters to chinicians based on the motor
current, the motor speed, and the aortic pressure measured at a blood pump svstem. The
functionality and output of the intravascular blood pump, along with measurable cardiac
parameters, can be used to calculate additional parameters useful in determining paticnt
cardiac performance and health. By making these determimnations and displaying the data to a
chinician in a useful and meaningful way, the clinician has more data available to mform

healthcare decisions. The additional cardiac parameters and heart functions, as well as trends
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in the same, accessible by algorithms based on the ntravascular blood pump output, allow
cimicians to make informed decisions regarding cardiac support provided to patients by
various blood pamps, by the positioning of the blood pumps, and by administration of
pharmaceutical therapeutics. The algorithms also allow the blood pump system fo determing
mmportant cardiac parameters and display them to clinicians to inform patient care decisions,
or to make recommendations for modulation of support, for exampie by displaving a
recommendation of varving levels of heart fumetion to a climician based on a vaniety of
cardiac parameter inpis.

{8831} The calculation of various cardiac parameters trom the blood pump function is
possible based on knowledge of the blood pump operation, for example knowledge of the
pressure and flow respouses of the heart with regard to the blood pump operational speed and
mput power. Based on the operational functionality of the purop within the heart, algorithms
can be constructed that calculate how cardiac metrics vary as the blood pump interacts with
the cardiac system. By making these determinations and providing clinicians with nnmediate
and historical cardiac parameters, cliniciang are better able to understand and react to changes
mn blood pump functionality or patient cardiac health.

{0032} In particular, providing clinicians with accurate and timely cardiac parameters, such
as LYEDP, LVP, aortic pulse pressure, mean aortic pressure, pump flow, pressure gradient,
heart rate, cardiac output, cardiac power output, native cardiac output, native cardiac power
output, cardiac contractility, cardiac relaxation, fluid responsiveness, volume status, cardiac
unloading index, cardiac recovery index, left-ventricular diastolic function, left-ventricular
diastolic elastance, left-ventricular systolic elastance, stroke volume, heart rate vanability,
stroke volume variability, pulse pressure vanability, aortic corapliance, vascular comphance,
or vascular resistance, enables the clinicians to make well-informed decisions about patient
care. Both total and native cardiac outputs can be determined using the methods and systems
described herein. The native cardiac output is used herein to describe a cardiac output of the
heart alone, without the contribution of a blood pump. Similarly, the native cardiac power
output is used to describe the cardiac power output of the heart without any contribution of
the blood pump. The total cardiac output, in contrast, is used herein to describe the cardiac
output produced by the combination of the beart and the blood pump. Swvuilarly, the total
cardiac power output is used to describe the cardiac power output of the heart including both
the native power output contribution of the heart and the blood pump. Throughout this

application, when cardiac power output or cardiac output is determined or calculated, the
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systerns and methods described herein are capable of calculating either the total or the native
cardiac output, and reference to cardiac output or cardiac power output may refer to either of
native or total outputs,

10633} The algorithms discussed herein enable clinicians to make informed decisions about
the weaning of paticnts. A clinician can better deterninc the appropriate tinung for weaning
a patient from blood pump provided cardiac support based on the provided parameters.
Further, the algorithms provided heretn can enable clinicians to make decisions about the
proper rate at which to wean a patient by providing recommendations about the level of
support, motor speed, and appropriate blood pumps 1o provide the recommended motor speed
to support the cardiac function.

103634} The systems, devices, and methods described herein further aid in the optimization of
the performance of the blood pump by the measurement and calculation of cardiac
parameters. Estimations of LVP and real-time display of the LVP waveform, along with
other cardiac metrics, enable a physician to understand the currently and historical cardiac
function of a patient, and well as the level of support being provided by the blood pump.
Using this information, physicians make determinations regarding modifications to the level
of support being provided (for example, weaning a patient from support or increasing
provided support}, positioning and functionality of a blood pump, the sccurrence of suction
gvents, and other clinical determinations as described below.

{8633} The systems, devices, and methods described herein enable a chinician to visually
determine whether the blood pump is properly positioned in the heart and functioning
appropriately. The LVP estimate is very sensitive to suction events and can be employed to
mform chinicians about suction events and mmproper positioning, and to aid in re-positioning
of the pump  the heart. The cardiac metrics determined according to the algorithms
described herein and displayed to clinicians can further aid tn identifving the cause of suction
events when they occur.

{8636} Additionally, the svstems, devices, and methods described herein provide clinicians
with data and recommendations to provide additional therapeutic support, such as the
administration of pharmaceutical therapies to a patient to aid in the recovery of cardiac
function. For example, based on cardiac parameters and trends in the parameters, the
algorithms can provide recommendations as to which pharmaceutical therapies can be
beneticial as well as provide dosing information. A clinician may be provided with trends i

the cardiac parameters such as the native cardiac output, the end-diastolic pressure, and the
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cardiac power output, and based on the trends, the algorithms may make recommendations n
support of the titration of inotropes.

18037] Alternatively, a clinician may be presented with cardiac parameters to aid i the
modulation of fluids and the volume status of the patient. The chinician may be provided
with the native output, the end-diastolic pressure, and pulse pressure vanation to cnable the
clinician to determine whether the patient 1s in an optimum fluid window, and the fhud
responsiveness of the patient. The algorithm may provide a notification to the chnician
mdicating, based on these parameters, whether the patient is considered to be in an optuoum
fluid window and an indication of whether the patient 1s likely to be responsive to the
administration of thuds.

10638} The sysiems, devices, and methods described herein can be used to provide a warning
to clinicians regarding predicted adverse events that are predicted based on measured and
calculated cardiac parameters. Patients reliant on blood pump support are at nisk for
additional ischemic events. Small changes in the lefi-ventricular contractility, left-ventricular
relaxation, and LVEDP are all carly indicators of a silent ischemic event. Alerting a chinician
about changes in these parameters enables clinicians to detect ischemic events carlier and to
respond more quickly. Additionally, other adverse events and outcomes such as aortic
regurgitation and conduction abnormalities (in the case of patients undergoing balloon aortic
valvuloplasty (BAV) in preparation for a trans-catheter aortic valve replacement (TAVR))
requiring a pacemaker. Changes in lefi-ventricular relaxation, lefi-ventricular diastolic filling
pressure, systolic pressure gradients, and cardiac power and total power can all function as
carty indicators of such an cvent, and may be calculated and detected by the algorithms
described herein and presented to clinicians.

{3039} Finally, the systems, devices, and methods described herein can be used to balance a
nght-sided and lefi-sided device used simultancously, for example providing bi-ventricular
suppott, the balancing of the two devices can present a unigue challenge of balancing the
right and lefi-side devices to mamtain appropriate pressures in the tungs and bt the nisk of
pulmonary edema. By measuring the native and total outputs along with the pulmonary
artery pressure and the left-ventncular diastolic pressure, the algorithm can provide clinicians
with information about these parameters to help mnform decisions about the operation of the
bi-ventricular devices and can provide recommendations to help the clinicians to balance the

two devices.
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{0040} The systems, devices, and methods prescoted herein describe a mechanism of
measuring, in a blood pump svstem, based on the output of the blood pump and measured
pressure signal, a variety of cardiac parameters and heart function parameters that are useful
to chinicians in the care and treatment of patients being treated with cardiac support by a
blood pump. The parameters and recommendations provided by the algorithm may be used
by cliicians to inform a vanety of medical treatment decisions, as described below.

{18041} FIG. 1 shows an exemplary prior art cardiac assist device located 1n a heart 102, The
heart 102 includes a left ventricle 103, aorta 104, and aortic valve 1035, The intravascular
heart pump system includes a catheter 106, a motor 108, a pump outlet 110, acannula 111, 2
pump inlet 114, and a pressure sensor 112, The motor 108 18 coupled at its proximal end to
the catheter 106 and at its distal end o the cannula 111, The motor 1068 also drives a rotor
{not visible in figure) which rotates to pump blood from the pump mlet 114 through the
cannuia {11 to the pump outlet 110, The cannula 111 is positioned across the aortic valve 105
such that the pumyp mlet 114 is located within the left ventricle 103 and the pump outlet 110
is located within the acrta 104, This configuration allows the intravascuelar heart pump system
100 to pump blood from the left ventricle 103 into the aorta 104 to support cardiac output.
[6042] The intravascular heart pump system 100 pumps blood from the left ventricle into the
aorta in paraliel with the native cardiac cutput of the heart 102, The blood flow through a
healthy heart is typically about 5 liters/minute, and the blood flow through the mtravascular
heart pump svstem 100 can be a similar or different tlow rate. For example, the flow rate
through the intravascular heart pump system 100 can be 0.5 hters/minute, 1 hter/minute, 1.3
biters per minute, 2 liters/munute, 2.5 Liters/minute, 3 hters/minuate, 3.5 liters/minute, 4
liters/minute, 4.5 liters/minute, 5 liters/minute, greater than 5 liters/minute or any other
suttable flow rate.

{8843} The motor 108 of the intravascular heart pump svstem 100 can vary in any mumber of
ways. For example, the motor 108 can be an electric motor. The motor 108 can be operated at
a constant rotational velocity to pump blood from the left ventricle 103 to the aorta 104,
Operating the motor 108 at a constant velocity generally requires supplyving the motor 108
with varving amounts of current because the load on the motor 108 varies during the different
stages of the cardiac cvele of the heart 102. For example, when the mass flow rate of blood
through the blood pump into the aorta 104 mereases {e.g., durmg systole), the current
required to operate the motor 108 increases. This change in motor current can thas be used to

help characterize cardiac function as will be discussed further in relation to the following
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figures. Detection of mass flow rate using motor current may be facilitated by the position of
the motor 108, which 1s aligned with the natural direction of blood flow from the left
ventricle 103 mto the aorta 104, Detection of mass flow rate using motor current may also be
facilitated by the small size and/or low torque of the motor 108, The motor 108 of FIG. 1 has
a diameter of about 4 am, but any suitable motor diameter may be used provided that the
rotor-motor mass is small enough, has low enough torque, and is positioned such that it is
able to qinckly and casily respond to changes m the physiologic pressure gradient across the
pump. In some mplementations, the diaraeter ot the motor 108 1s less than 4 ran.

{8044} In certain implementations, one or more motor parameters other than current, such as
power delivered to the motor 108, are measared. In some implomentations, the motor 108 in
FIG. 1 operates at a constant velocity. In cortain iaplementations the speed of the motor 108
1s varied over time (¢.g.. as a delta, step, sinusoid, or ramp function) to probe the native heart
function. In some implementations, the motor 108 may be external to the patient and may
drive the rotor by an clongate mechanical transmission element, such as a flexible drive shaft,
drive cable, or a fluidic coupling.

{0045} The pressure sensor 112 of the mtravascular heart pump systema 100 can be disposed
at various locations on the pump, such as on the motor 108 or at the outflow of the pump, 1.¢.
puinp outlet 110, Placement of the pressure sensor 112 at the pump outlet 110 enables the
pressure sensor 112 to measure the true aortic pressure (AoP), when the mtravascular blood
pump system 100 is positioned across the aortic valve 105, In certain implementations, the
pressure sensor 112 of the intravascular heart pump system 100 can be disposed on the
cannuia 111, on the catheter 106, or in any other suitable location. The pressure sensor 112
can detect blood pressure in the aorta 104 when the intravascular heart pump system 100 1s
properly positioned in the heart 102, The blood pressure information can be used to properly
place the intravascalar heart pamp system 100 i the heart 102, For example, the pressure
sensor 112 can be used to detect whether the pump outlet has passed through the acrtic valve
105 mto the left ventricle 103 which would only circulate blood within the left ventricle 103
rather than transport blood from the left ventricle 103 to the aorta 104, In some
implementations, the pressure sensor 112 is a fluid filled tube, a differential pressure sensor,
byvdraulic sensor, piczo-resistive strain gauge, optical interferometry sensor or other optical
sensor, MEMS piezo-electric sensor, or any other suitable sensor.

8846} The imtravascular heart pump svstem 100 can be inserted in various ways, such as by

percutancous insertion 1nto the heart 102, For example, the intravascular heart pump system
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can be nserted through a femoral artery (not shown), through the aorta 104, across the aortic
valve 105, and into the left ventricle 103, In certain implementations, the intravascular heart
pump system 100 is surgically inserted mnto the heart 102 In some implementations, the
mitravascular heart pump system 100, or a similar system adapted for the right heart. is
mserted nto the right beart. For example, a right beart pump similar to the intravascular beart
pump systerm 100 can be inserted through the femoral vein and into the mferior vena cava,
bypassing the night atrivm and right ventricle, and extending into the pulmonary artery.
Alternatively, a right heart pump can be inserted through the ixernal jugular vein and
superior vena cava, and a left heart pump can be mserted through the axillary artery. In
certain implementations, the mtravascular heart pump svstem 100 may be positioned for
operation 10 the vascolar system cutside of the heart 102 {e.g., in the aorta 104}, By residing
minimally invasively within the vascular system, the mtravascular heart pump svstem 100 s
sufficiently sensitive 1o allow characterization of native cardiac tunction.

18647} FIG. 2A shows an example plot of motor current versus a pressure gradient. The plot
200 has an x-axis 202 representing motor current in units of mA and a y-axis 204
representing a pressure gradient {(dP) in units of amHg. The plot 200 mcludes trend line 206
showing a relationship between the motor current and the pressure gradient. The motor
current drawn by a blood pump is proporticnal to the pressure gradient across the blood pump
cannula at a known motor speed. The plot 200 may function as a loock-up for an algorithm to
determine a pressure gradient from a given motor current and motor speed at which a blood
pump motor is currently operating. For example, a motor current of about 650 mA indicated
by point 208 on the x-axis corresponds {o a pressure gradient of 120 mmHg indicated by
point 210 on the y-axis, determined by extending a line up from the motor current at point
208 to the trend hine 206, and then extending a line from the intersection with the trend line
206 to the y-axis at point 210, The relationship between the motor current and pressure
gradient described by plot 200 mayv be determined in a lab for a particular blood pump under
physiological conditions and may be stored in a memory of a processor within a blood pump
controller.

{0648} By accessing the plot 200, a controller determines the pressure gradient associated
with a2 motor current and motor speed at which the blood pump 1s currently operating. The
controller can then use the pressure gradient with other determined or measured values such
as the aortic pressure measured at a pressure sensor (for example, pressure sensor 112 in FIG,

1} to determine varicus cardiac parameters such ag LVEDP, LV P, aortic pulse pressure, mean
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aortic pressure, pump flow, pressure gradient, heart rate, cardiac output, cardiac power
output, native cardiac output, native cardiac power output, cardiac contractility, cardiac
relaxation, thud responsiveness, volume status, cardiac unloading index, and cardiac recovery
mdex.

{0049 For cxample, once the pressure gradient across the blood pump cammula has been
determuned from the motor current and motor speed, the pressure gradient across the blood
pump cannela can be used with a measared aortic pressure (such as pressure measured at the
pressure sensor 112) to determine an estunation of the LV at the inlet cage of the pump.
The LVP 15 estimated by subtracting the pressure gradient from the aortic pressure. As
described below with regard to FIG. 2B, the LVP determined i this way is a very good
estimate of the actual LVP in the heart. The estimated LVP can be displayed, by the
controller, on a display screen where it can be accessed and viewed by a chinician. The
climician can use the information provided by the LVP at a given moment, or a historical
view of changes to the LVP, to make clinical decisions regarding the treatment of a patient
mehuding making informed decisions about changes to the support provided by the blood
pump.

{8830} Although the relationship between the pressure gradient and the motor current of the
blood pump at a known motor speed is depicted as a plot 200, a controller could use the
mformation contained in the plot 200 by accessing a look~up table, or by querying a function
describing the relationship between the pressure gradient and the motor current and motor
speed. In some implementations, the controller may take into account additional parameters
bevond the motor current and motor speed in determuning the pressure gradient across the
blood pump cannula, such as other properties of the pump, properties of the pump controlier
or console, environmental parameters, and motor speed settings. Accounting for additional
parameters in the function used to determing the pressure gradient may lead to an association
between the motor current and pressure differential that 1s more accurate, allowing for a more
accurate calculation of the LVP or other cardiac parameters.

{8651} FIG. 2B shows an example plot of measured aortic pressure and calculated LVP as a
function of time. The plot 201 has an x-axis 203 representing time in seconds and a v-axis
205 representing a pressure head in units of vunHg. The plot has three traces including the
aortic pressure 212, the estimated LVP 214 (dotted line}, and the actual measured LVP 216,
The traces on the plot 201 Hustrate that the estimated LVP determined from the measured

aortic pressure and the determined pressure gradient across the blood pump cannelais in
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agreement with the measured LVP value. Based on the motor current and the measured
aortic pressure, the algonthm determines continuous LVP including the full-waveform and
LVEDP pomt within the cardiac cyele. The algorithm measares the LVP immmediately inside
the pump inlet 114, enabling the algorithm to determineg suction events and to distinguish
between systolic/continuous and diastohic/internuitient suction.

10052] The LVEDP pomnt m the cardiac cycle is mmportant in the calculation of other cardiac
parameters. The pressure at the end-diastole point 1s the EVP immediately prior to left-
ventricular contraction, which can be defined by the onsct of the R-wave in a refercnce EKG
measurement. The LVEDP point m the cardiac cvele can be estimated based on the aortic
pressure 212 placement signal, LVP 214 waveform and the pressure gradient at the pump. In
some implementations, the LYEDP is estimated based on the identification of a peak n
estimated LVP 214 waveform that is then shified on the time axis to estimate the LVEDP
pomnt. This technique is referved to as peak detection and time indexing. In an alternative
nplementation, the estimated LVEDP is calculated based on a first and/or second time-based
derivative of the estimated LVP 214 waveform over time.

{0033} FIG. 2C shows an example plot 220 of the estimated LVP 214 waveform and the
aortic pressure 212 waveform with respect to time. The plot has an x-axis 222 representing
time and a y-axis 224 representing pressure head i mmHg. The plot includes a trace of the
estimated LY P waveform 226 (dotted line) and a trace of the aortic pressure 228 (solid lineg).
In some implementations, the LVEDP can be selected based on the plot 220 by selecting a
peak of the estimated LVP waveform 226 and shifting the point in time. Though only one
LYEDP pomnt 229 is shown in this plot 220 for convenience, the LVEDP may be calculated
for cach cvele of the LVP waveform to monitor changes over time.

[0034] FIG. 2D shows an example plot 230 of the first derivative of the cstimated LVP 214
waveform with respect to time. The plot 230 can be calculated as a denvative of the LVP
wavetorm 226 i plot 220, The plot 230 has an x-axis 232 representing time and a y-axis 234
representing a first denvative of pressure with respect to time {(dP/dt} in mmHBg/sec. The plot
mchides a trace of the first denvative of the LVP waveform 236, as well as an indication of
the LVEDP point 238 which may be selected as the estimated LVEDP based on the trace of
the first derivative of the LYP waveform 236. The point 238 shows the point associated with
the LVEDP, which may be calculated, for example, as the point at which the first denivative
of the LVP waveform 236 is at a time pomt halfway between a minimum valley and

maximum peak. Though only one LVEDP point 238 is shown in this plot 230 for
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convenience, the LVEDP may be calculated for each cvele of the LV P waveform.
Alternatively, the plot 230 of the first derivative of the LVP waveform 236 can be useful in
“windowing” or narrowing a scarch for the LYEDP point 238 which may then be determined
based on the second derivative plot or other means. The estimation of the LVEDP point 238
based on the plot 230 can be sensitive to sampling frequency with higher samapling frequency,
such that higher sampling results in a more accurate calculation of the LVEDP point 238,
{8055} FIG. 2E shows an example plot 240 of the second derivative of the estimated LVP
214 waveform with respect to time. The plot 230 can be calculated as the denvative of the
LVP waveform 236 in plot 230, or the second derivative of the LVP waveform 226 i plot
220. The plot 240 has an x-axis 242 representing time and a y-axis 244 representing the
second derivative of pressure with respect to time (d°P/dt?) in mmHg/sec®. The plot includes
atrace of the second derivative of the LVP waveform 246, as well as an indication of the
LVEDP pomt 248 which may be sclected as the estimated LVEDP based on the trace of the
second dentvative of the LVP waveform 246, The point 248 shows the point associated with
the LVEDP, which may be calculated, for example, as the point at which the second
derivative of the estimated LVP waveform 246 has a maximum peak. Though only one
LVEDP pomt 248 1s shown in this plot 240 for convemence, the LVEDP may be calculated
for each cycle of the LVP waveform. Similar to the estimation of LYED?P point 238 based on
the first derivative plot 230, the estimation of the LVEDP point 248 based on the second
derivative plot 240 can be sensitive to sampling frequency and 1s more accurate at high
sampling frequencics.

{8056} The peaks of the first or second time-derivative of the LVP waveform can be used to
accurately calculate the LVEDP point. Further, the peaks and valleys of the first and second
time-denvatives of the LVP waveform can be used to narrow the search window for a given
LVEDP point and thus improve detection of the LVEDP point, reducing false positives.
Using the first or second time-based dertvative of the measured aortic pressure 212 1o
determine the LVEDP enables the algorithm to more accurately determine the EVEDP point
i the cardiac cycle. Alternatively, the aortic pressure waveform (e.g., 212 1 FIG. 2B) can
be similary used with first and second derivatives of the aortic pressure waveforms to
determine the LVEDP point.

{3057} FIG. 3 shows an exemplary user interface for a heart pump controller displaving a
waveform of cardiac function over time. The user mterface 300 may be used to control the

mtravascular heart pump system 100 of FIG. 1, or any other suitable heart pomp. The user
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mterface 300 includes a pressure signal waveform 302, an LVE waveform 303, and a motor
current waveform 304, a flow rate 306, a measure of cardiac power output 308, and a
measure of native cardiac output 310. The pressure signal waveform 302 indicates the
pressure measured by the blood pump’s pressure sensor (e.g.. pressure sensor 112} and, when
the pump is properly placed, corresponds to an aortic pressure. The pressure signal waveform
302 and the LVP waveform 303 can be used by a healthcare professional to propery place an
mtravascular heart pump (such as intravascular heart pamp 100 FIG. 1) 1n the heart. The
pressure signal waveform 302 is used to verify the posttion of the intravascular heart pump
by evaluating whether the waveform 302 is an aortic or ventricular waveform. An aortic
waveform ndicates that the intravascular heart pump motor is in the aorta. A ventricular
waveform indicates that the intravascular heart pump motor has been inserted into an
meorrect location in the ventricle. A scale 312 for the placement signal waveform is
displayed to the left of the wavetorm. The default scaling 1s 0-160 mmHg. It can be adjuste
i 20 munHg increments, for example, the scale 312 13 shown with scaling from -20 - 160
mmHg. To the right of the waveform is a display 314 that labels the waveform, provides the
units of measurement, and includes an indication of the current estimated pressure. The
display 314 may also include an estimation of aortic pressure 316 and/or LVP 318, which
may be an instantancous estimation, average valug, or a maximum or minimuam value, as well
as indications of other cardiac paramcters calculated from the pressure signal waveform, such
as the LVEDP. In some implementations, the display 314 shows the maximum and minimum
values and the average value from the calculated cardiac metrics. By including the pressure
signal waveform 302, the LVP waveform 303, and the display 314, the pressure signal and
LVP are displayed as a function of time and important cardiac paramcters are extracted and
displayved m the display 314.

{8638} In some implementations, a vanability between different blood pumps is accounted
for by calibrating the LV waveform 303 to the measured aortic pressure wavetform 302.

The user may be prompted by the display to manually adjust the estimated LVP waveform
peak {(e.g.. 214 i FIG. 2B} along the y-axis to coincide with the aortic pressure waveform
peak (e.g., 212 1n FIG. 2B). In some implementations, the calibration is automated for the
user based on the pressure reading of the aortic pressure and the LVP waveforms. In other
implementations, the required calibration may be calculated by a controller in the user
mterface 300, and a prompt with mstructions to align the LVP waveform peaks durning systole

to the same peaks 1o the aortic pressure wavetorm may be presented to the user including a
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suggested value based on the controller’s calculation of the same alignment in the
background of the program. By calculating the alignment in the background, the controller
can also detect the exact points in the cardiac cycle where the aortic pressure waveform and
the LYVP waveform should overlap. The overlap of the aortic pressure waveform and the
LVP waveform corresponds to the aortic valve opening and aortic valve closing. These
events mark the beginning and end of systole. Determination the points of overlap between
the aortic pressure waveform and LVP waveform is difficolt by eve, but can be calibrated by
the controller to tmprove over calibrations that require identitication of peaks of the LVP and
aortic pressure waveforms.

{8639 Automating the cabibration procedure simplifics the use of the aser interface 300 and
ensures appropriate calibration values are presented to the user. The calibration calculations
can be further improved at high sampling frequencies.

{8668} The motor current waveform 304 13 a measure of the energy intake of the heart
pump’s motor. The energy intake varies with the motor speed and the pressure difference
between the inlet and outiet arcas of the cannula resulting in a variable volome load on the
rotor. When used with an intravascular heart pump (such as intravascular heart pump 100 in
FIG. 1), the motor current provides mformation about the catheter position relative o the
aortic valve. When the intravascular heart pump is positionad correctly, with the inlet arca
the ventricle and the outlet arca in the acrta, the motor current is pulsatile because the mass
flow rate through the heart pump changes with the cardiac cvele. When the mlet and outlet
areas are on the same side of the aortic valve, the motor current will be dampened or flat
because the inlet and cutlet of the pump are located i the same chamber and there is no
variability in differential pressure resulting in a constant mass flow rate, and subsequently
constant motor current. A scale 320 for the motor current waveform is displaved to the left of
the waveform. The defanlt scaling is (--1000 mA. The scaling may be adjustable in 100 mA
mcrements. To the nght of the wavetorm is a display 322 that labels the waveform, provides
the units of measurement, and shows the maximum and mimimum values and the average
value from the samples received. Though the pressure sensor and motor current sensor may
not be required for positioning of surgically implanted pumps the sensors can be used in such
devices to deternune additional characteristics of native heart function to monitor therapy.
[B861] While only the three waveforms are shown m FIG. 3 {pressure signal wavetorm 302,
LVP waveform 303, and the motor current waveform 304) additional waveforms may be

displayed on the main screen of the display 300 or accessible on additional screens. For
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example, a contractility waveform, a cardiac state waveform, an ECG waveform, or any other
appropriate cardiac parameter which changes with time or pulse can be displayved on display
300. The display of cardiac information as a trend line allows a physician to view the
historical cardiac state of a patient and to make decisions based on the visible trends. For
example, a physician may observe a decling or increase in the aortic pressure displaved in the
pressure signal waveform 302 over time and determine to alter or continue treatment based
on this cbservation.

{0062} The position, depictions of the metrics on the controller, and the identification and
number of metrics and recommendations in FIG. 3 are meant to be llustrative. The number
of metrics and mdicators, position of same metrics and indicators on the console and the
metrics displaved may be vancd from those shown here. The cardiac parameters displayed to
a user can be, for example, LVEDP, LVP, aortic pulse pressure, mean aortic pressure, pump
flow, pressure gradient, heart rate, cardiac output, cardiac power output, native cardiac
output, native cardiac power ouiput, cardiac contractility, cardiac relaxation, fhud
responsiveness, volume status, cardiac wdoading index, cardiac recovery index, lefi-
ventricular diastolic function, left-ventricular diastolic clastance, left-ventricular systolic
clastance, stroke volume, heart rate vanability, stroke volume vanability, pulse pressure
variability, aortic comphance, vascular compliance, or vascular resistance. In some
implementations, the font, font size, layout, and positioning of the data displaved to a user
may be configured for ease of use in a critical care setting.

18663} The measure of the measure of native cardiac cutput 310 includes a display of a NCO
m L/mun calculated based on the measured cardiac parameters. The native cardiac output is a
measure of the blood flow attributed to the heart itself] or the rate of blood flow in the
vasculature surrounding the blood pump. The native cardiac output is calculated from the
placement signal (Aortic Pressure) 316 and the pulse pressure calculated at the controller by
subtracting the minimum aortic pressure value from the maximum aortic pressare value, The
pulse pressure may be calculated by the controller periodically.  The native cardiac output
can be used to calculate additional cardiac parameters of clinical relevance. For example, the
native cardiac output can be used i conjunction with information about the flow rate of the
blood pump to calculate a total cardiac output of the heart itself and the blood pump.

{8064} The measure of cardiac power output 308 includes a displav of a total cardiac power
cutput in Watts calculated based on the measured cardiac parameters. The total cardiac

power cutput is calculated from the total cardiac cutput, calculated based on the native
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cardiac output as described above. The total cardiac power output is calculated by
multiplving the cardiac output by the mean arterial pressure and dividing by 451,

{8065} The flow rate 324 can be a target blood flow rate set by the user or an estimated actual
flow rate. In some modes of the controller. the controlier will automatically adjust the motor
specd in response to changes in afterload to maintain a target flow rate. In some
mmplementations, if flow calcunlation is not possible, the controller will allow a userto set a
fixed motor speed indicated by speed indicator.

{8066} A memory within the user interface or controller records the data measured,
calculated and displayed on the controller. The memory may have a samphling rate of 25 -
150 Hz. In some implementations, a higher sampling rate, such as 100 Hz or greater, is
preferable as the data will be recorded in a data log in the memory at a faster rate. The higher
fidelity data recorded in the memory can be used to better estimate cardiac function over
tme. The waveforms, algorithms, and alarms displaved to the user on the user interface may
be displaved at a lower rate for efficiency.

18667} The display 300 includes various buttons 326-334 (o access additional display
screens. The butions include a menu button 326, purge menu button 328, display button 330,
flow control button 332, and mute alarm button 334, The buttons shown on display 300 are
meant 1o be lustrative, and alternate or additional buttons may be accessible to a user. The
menu button 326 may allow a user to access additional information about the use of the
display 300, including software version, registrations, and dates of use. The menu bution 326
may also allow a aser to access options such as the power mode of the display 300 or locking
the display 300. The menu button 326 may also allow a user to calibrate the display 300 or
allow a user to access options or mstructions for the calibration of the display 300 1o
conjunction with an attached blood pump. For example, a user may calibrate a measured
pressure value or a cardiac parameter displayed as a waveform to a known value of the
cardiac parameter measured by an arterial catheter or similar. The purge menu button 328
may allow a user to access additional use options, settings, and information related to the
purge system of an attached blood pump. The display menu button 330 may allow a user to
access additional cardiac metrics and parameters and in some cases to add or change the
cardiac metrics displaved on the main screen of the display 300. The tlow control button 332
allows a user 1o access additional options and settings related to controlling the flow rate of
the pump by adjusting the pump motor speed. The flow control bution may allow the user to

access recommendations related to the current pump motor speed and various cardiac metrics
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calculated by the controller and may allow a user to input or accept adjusiments to the pump
motor speed. The mute alarm button 334 may allow a user to silence an alarm or to access
additional information about an alamm or warning given by the controller. The controller may
1gsue warning notifications 1o 3 user regarding the use of the display, blood pump and related
systems, or the cardiac metncs calculated by the controlier. The wamings and alarms mayv be
audible alarms, pop-up screens on the display 300, or may be sent divectly to a clinician, for
example throogh a text, page, or email.

{0068} In some tmplementations, the wamings or alarms are triggered by a cardiac metric
calculated, measured or monitored by the controller falling below a set threshold value. In
some implementations, the warnings or alarms are tniggered by a cardiac metric calculated,
measured or monitored by the controller exceeding a set threshold value. In some
mmplementations, the warnings or alarms are triggered by a change in a cardiac metric
calculated, measured or monitored by the controller exceeding or falling below a set
threshold value. In some implementations, the set threshold value 1s a system value set
within the controller. In some implementations, the set threshold value is set by a chinician
based on a paticnt’s history and health. [n some imoplementations, the sct threshold valuc is a

previous value ot the cardiac metric, for example, a previous value measured or calculated a

predetermined amount of time before.

{0669} In some implementations, the warnings or alarms arc recommendations for altering
the support provided to the heart by the blood pump based on one or more of the calcuiated,
measured, or monttored cardiac metrics. FIGS. 4-11 illustrate processes by which the
controller determines various recommended changes o the cardiac support provided by the
blood pump.

{0078} FIG. 4 shows a process 400 for optinuzing the performance of a blood pump in the
heart based on measured and calculated cardiac parameters.

10671} In step 402, the motor of a heart pump is operated at a rotational speed. In step 404,
the aortic pressure 1s measured. The aortic pressure may be measured by a pressure sensor
coupled to the heart pump, by a separate catheter, by a nominvasive pressure sensor, or by any
other suitable sensor. The pressuare sensor may be a fluid-filled tube, a differential pressure
sensor, hydraulic sensor, piczo-resistive strain gauge, optical interferometry sensor or other
optical sensor, MEMS piezo-electric sensor, or any other suitable sensor. In some
mmplementations, ventricular pressure is measured in addition to or in alternative to

measuring aoitic pressure. In step 406, the current delivered to the motor is measured and the
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maotor speed is measured. Io step 408, the pressure differential across a cannula of the blood
pump is determined based on the measured motor current and the motor speed, by using a
lookup table or accessing a fimetion that accounts for the measared motor current at the
known speed, and optionally other parameters. in step 410, a cardiac parameter is calcelated
based on the pressure differential across the cannula of the blood pump and the aortic
pressure. The cardiac parameter may be one of a LVEDP, LVP, aortic pulse pressure, mean
aortic pressure, pump flow, pressure gradient, or heart rate. These cardiac parameters can
cach be used by clinicians as a measure of various aspects of cardiac health and function.

The trends of each of the cardiac parameters over fime can be used by a clinician to
determine if the native heart output i1s improving or declining and can make clinical decisions
about the support being provided by the blood pump and pharmaceutical therapies based on
these trends. In some implementations, more than one cardiac parameter is calculated based
on the pressure differential across the cannula of the blood pump and the aortic pressure.
18672} In particular, in order to evaluate the performance of the blood pump within the heart
of a patient, one or more of the LVP and LVEDP may be calculated according to the
algorithm. In some implementations, the calculated metrics are evaluated by the processor to
determine whether there are problems with a current performance of the blood purmp and to
offer suggestions to the user to correct the problems. In some mmplementations, the metrics
are presented for evaluation by a health carc professional.

18073] In step 412, the calculated cardiac parameter is recorded in the memory. By accessing
the recorded cardiac parameters stored in the memory, a historical view of the cardiac
parameter over time can be accessed by a user or displaved on a display console as a trend
line.

{0074} In step 414, a heart function parameter is determined based on the calculated cardiac
parameter. The heart function parameter can be any of cardiac ouiput, cardiac power output,
native cardiac output, native cardiac power output, cardiac contractility, cardiac relaxation,
fhud responsiveness, volume status, cardiac unloading index, cardiac recovery index, left-
ventricular diastolic function, left-ventricular diastolic elastance, left-ventricular systolic
clastance, stroke volume, heart rate variability, stroke volume variability, pulse pressure
variability, aortic comphiance, vascular compliance, or vascular resistance. These heart
function parameters can be caleulated from the calculated cardiac parameter and other
available measured parameters. The heart function parameters offer additional information to

chnicians about the heart function, as well as the performance of the blood pump n relation
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to the cardiac function. In some implementations, the heart function parameter is also
recorded m the memory in order to provide historical data and heart function parameter
trends with respect to time. In some implementations, more than one heart function
parameter is determined.

{0075] For example, cardiac output may be calculated based on the motor current and motor
speed of the blood pump and the measured aortic pressure. From the aortic pressure, the
pulse pressure of the aortic waveform can be derived. In implementations in which the
pressure sensor {¢.g., pressure sensor 112 m FIG. 1) is located at the pump outflow, the aortic
pressure, and the pulse pressure of the aortic waveform, 1s measured at the aortic root where
it 18 less influenced by aortic and svstemic resistance and svstemic vascular comphance as
compared to penpheral approaches to calculate the pulse pressure (for example, PiICCQO,
Edwards FloTract). In some implementations, the pulse pressure, and accordingly the
algonthm calculation, 1s intluenced by the aortic compliance at the point of measurement,
which varies from patient to patient.  However, the patient-to-patient variance can be
accounted for by calibrating the cardiac output algorithm, and the aortic compliance should
only minimally vary within a patient over the duration of support, as aortic root wall
properties are not typically impacted by vascactive and inotropic drugs. Other cardiac output
algorithms which rely on pulse pressure and derivative of the pulse pressure wave {e.g.,
PiCCO, FloTract, or PulseCo) cannot discern the pulsatility due to the native heart from the
pulsatility due to the support device. In contrast, the algorithm is able to discern native and
pump-driven pulsatility and de-couple changes i pulsatility due to changes in flow from
cither the pump or the heart,

{8676} In step 416, the calculated cardiac parameter and/or the heart function parameter is
generated for display and 1s displayved to a user on a display inferface. The calculated cardiac
parameter can be accessed in the memory of the controller and processed to ready the cardiac
parameter for display as a number, a waveform over ime, Or 48 4 MAMHD OF MMM
value. The cardiac parameter and heart function parameter can be displayed to a climcian,
for example a lab technician or nurse in an infensive care setting or a catheterization lab, on a
display, such as display 300 in FIG. 3. The calculated cardiac parameter, the heart function
parameter, and optionally the historical views of the cardiac parameter and/or heart function
parameter over time, allows a clinician to view and make decisions based on the trends of the

cardiac parameter and heart function parameter. An example of user interface 1s shown in
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FIG. S to illustrate the use of the algorithms derived by the algorithm in deternuining a correct
posttion of the blood pump.

{88677} The display and/or the determination of the cardiac parameter and heart function
parameter can be continuous or nearly continuous while the heart pump is implanted in the
heart. This can be advantageous over conventional catheter-based methods that only allow
sampling of cardiac function at specific times during the cardiac cycle or at discrete points in
time. For example, continuous monitoring of the cardiac parameter may allow more rapid
detection of cardiac deterioration. Continuous monitoring of the cardiac parameter and heart
function parameter can illustrate changes in the heart condition over time. Additionally, if the
cardiac assist device 1s already in the patient, the cardiac function can be measured without
having to mtroduce an additional catheter mto a patient. The cardiac parameter and/or heart
function parameter may be displayed as shown in the user interface of FIG. 3 or using any
other suitable user interface or report.

{8078} In step 418, an optimization of the blood pump performance is deternuned based on
the calculated cardiac parameter and heart function parameter. The controller may access the
calculated cardiac parameter in the memory and compare the calculated cardiac parameter or
the heart function parameter to a stored threshold value m order to determine the blood pump
performance can be optimized with regard to the cardiac function of the patient. For
example, the controlicr may determine that the paticnt cardiac function is improving, and the
patient can be weaned from blood pump support. Alternativelv, the controller can determine
that the patient cardiac function is dechning and the blood pumyp support provided to the
patient should be increased. Additionally or alternatively, the controller can determine that
there 15 a suction risk or a suction cvent based on current placement of the blood pump, and
that the position of the blood pump can be optimized. The threshold value to which the
calculated cardiac parameter or heart function parameter is compared may be pre-set at
manufactare, set by the physician via the user interface, or be based on a previous reading of
the calculated cardiac parameter and heart function parameter of the patient. For example,
the controller may compare a calculated LVP (o a threshold value to determing that therg is a
suction risk due to current positioning of the blood pump. In some implementations, the
controller compares a LYP waveform to one or more a stored waveforms. In some
mplementations, the controller compares minimum and/or maximum points from a LVP

waveform to stored threshold values.
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{0079} In step 420, a notification regarding the determined optimization of the blood pump
performance 1s generated and displaved. The notification can be accessed in from a memory
in the controller and according to the determined optimization and generated for display. The
notification regarding the optimization of blood pump performance can be displayed in the
user interface of FIG. 3. In some implementations, the notification regarding the
optimization of the blood pump performance is displayed on the main screen. In some
nplementations, the notification regarding the optimization of the blood pump performance
is displaved as a pop-up or warning. The notification may suggest that blood punip motor
speed be increased or decreased, or may indicate that there is a positioning problem or risk of
a suction event. In some implementations, the notification may further indicate a
recommendation for addressing a positioning issue or suction evernt, for example by
recommending that the blood pump motor speed by increased or decreased, or that the blood
pump be moved in a particular direction by a certain distance. In some implementations, the
recommended change m motor speed may exceed a speed of a currently used blood pump,
and the notification may recommend changing the blocd pump type.

{0080} In some implementations, the displayed notification is interactive and the controller
can take action with regard to recommended changes in motor speed based on an input from a
clinician. In other implementations, the notification may indicate that the recommended
change i motor speed has already been automatically made by the controlier.

{8681} FIG. 5A shows a user mterface 500 for a heart pump controller illustrating an
mtermittent or diastolic suction gvent at the blood pump. The user interface 500 includes
components similar fo the user interface 300, and not all components are labelled or
displaved here for simplictty. The user interface 500 inchudes a first plot 505 showing an
aortic pressure waveform 504 and a LVP waveform 506, and a second plot 307 showing a
motor current waveform. The user interface also mchudes an indication of aortic pressure 508
over the aortic pressure waveform 504 mcluding a mintmuom and maximum value, an
mdication of LVP 312 over the LVP waveform 506 mcluding a minimum and maximum
value. An mdication of current motor speed 510, a warming pop-up 514, and mstructions or
recommendations for addressing the warning pop-up 316 are also included 1o the user
mterface 500.

{0082} The aortic pressure waveform 504 and LVP waveform 506 measured by the controlier
based on pressure readings and motor current of the blood pump are helpful in detecting

diastolic and mtermittent suction events at the blood pump caused by msuthicient blood
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volume in the heart. During such suction events, the LYP waveform 506 falls below zero n
the first plot 505 in early diastole but recovers by the end diastolic pressure pont. The
systolic phase of the LVP waveform 506 1s normal. These events may also be detected by the
mdication of LYP 512 and indication of aortic pressure 508, as the maximum mdication of
LVP 512 1s tvpically normal and greater than the maximum indication of aortic pressure 508,
while the mimimum indication of LVP 512 is abnormal and 18 very low or less than zero
during intermittent and diastolic suction events. Accordingly, the mimmum value of the
mdication of LVP 512 provides an early indicator of diastolic suction. The controlier can
issue a warning 514 based on a comparison of the mimimum value of the indication of LVP
512 to a threshold value, for example, 0 mmHg, <10 mmHg, -20 mmHg, -30 mmHg, -40
mmHg, or any other suitable threshold value. In some implementations, the companson of
the nununum value of the indication of LVP 512 may be used to determine a lovel of nsk or
severity of the suction event, for example with 0 mmHg signifying a borderline or low nisk, -
10 mumHg signifyving a mild suction risk, -20 mmHg signifying a moderate risk of suction,
ctc. The controlier can further provide recommendations 516 to a physician, nurse, or
technician for how 1o react to the waming 314 to address and correct the suction event. For
example, the controller may provide a recommendation to check additional cardiac metrics to
determing a cause of the suction event or check on patient health before adjusting the
positioning or cardiac support level of the blood pump. The controller may also provide
mstructions or recommendations to check the positioning of the blood pump based on the
suction event detection and further may recommend a change in the level of support provided
by the blood pump by a change to the motor current 310,

{0083} FIG. 58 shows a user interface 501 for a heart pump controller ilhustrating a
continuous suction even at the blood pump. Like the user interface 500 in FIG. 3A, the user
mterface 501 mehides components similar to the user interface 300, and not all components
are labelled or displayed here for simplicity. The user interface 301 inchudes a first plot 525
showing an aortic pressure waveform 524 and a LVP waveform 526, and a second plot 527
showing a motor current waveform. The user interface also includes an indication of aortic
pressure 528 over the aortic pressure waveform 524 mchiding a minimuam and maximum
value, an mdication of LYP 332 over the LVP waveform 526 including a minimuwm and
maximum value. An indication of current motor speed 530, a warnmg pop-up 534, and
mstnictions or recommendations for addressing the warning pop-up 336 are also included in

the user mterface 501,
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{0084} Simular to the process by which imtermittont (diastolic) suction events are determined
and shown by the displayed LVP and aortic pressure in FIG. 5A, the determination of
continuous or systolic suction events is informed by the LYP waveform 326 and aortic
pressure waveform 524, mdication of LVP 528, and indication of aortic pressure 532. By
displaying these and other cardiac metrics to a user via the user interface 501, ausersuch as a
climician or physician can be aware of continuous suction events and can appropriately react
to address them. Continuous suction events are typically caused by poor positioning of the
blood pump or a cardiac structure blocking the blood pump nflow (c.g., pump inlet 114).
During a continuous suction event, the LVP waveform 526 falls below zero during diastole
and never rises above the aortic pressure waveform 524 during systole. Additionally, during
a continuous suction event the maximum value of the mdication of LVP 532 is abnormal and
18 typically much lower than a maxuoum value of the indication of aortic pressure 528, while
the minimum value of the indication of LVP 332 is abnormal and 1s less than zero. The
LVEDP calculated from the LVP waveform 526, if displaved, is equal to zero.

{8685} As in the case of the mtermittent {diastolic} suction event of FIG. 5A, a warning 534
and recommendations 536 may be displaved when a continuous suction gvent is detected.
The recommendations 536 displayed when a continuous suction event is detected may be the
same or different from the recommendations 516 displayed during an mtermittent suction
cvent.

{8686} FIG. 5C shows a user interface 502 for a heart pump controller lustrating a metric
trend sereen. The trend screen tncludes a first plot 540 displaying a cardiac output trend
waveform 542, a blood pump How trend waveform 544, and a native cardiac output trend
waveforn 546, as well as associated values of cardiac output, blood pump flow, and native
cardiac output for rapid assessment by a phyvsician. The user interface 502 metric trend
screen also mchides a second plot 548 displaying a mean aortic pressure trend waveform 530,
and an LYEDP trend waveform 552, as well as associated values of mean aortic pressure 554
and LVEDP 556, The user interface 502 also includes an indication of motor speed of a
blood pump 560, bood pump flow 562, cardiac cuiput 564, and cardiac power output 538,
{8087} The metric trend screen of the user interface 502 is accessible to a physician to further
illustrate the historic data associated with various cardiac parameters over time. Such historic
data can help physicians to understand the progress of the patient’s cardiac health as well as
to identify events taking place. For example, the metric trend screen of the user interface 502

shown in FIG. 5C displays cardiac output trend waveform 542, blood pump flow trend
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waveform 544, native cardiac output trend waveform 546, aortic pressure trend waveform
550, and a LVEDP trend waveform 352 all of whach are relatively stable over time.
However, changes or trends in these waveforms over time can indicate suction events or risk
of suction. The LVEDP trend waveform 532 should be stable over the course of providing
cardiac support to the patient. A low and/or declining LYEDP trend waveform 552 indicates
that there is an increasing risk of diastolic suction. Having this waveform readily available to
a physician enables the physician to monitor the risk of suction events. In order to determine
a cause of the suction, a physician can consult the metric trend screen of the user interface
502, where an LVEDP trend wavetorm 552 that 1s high but abruptly drops to zero implies a
continuous or systolic suction event, while a low LVEDP trend waveform 552 that hovers
around O imples an intermittent or diastolic suction event. The display of these trends and
values 1s made possible by the calculation of the metrics by the controller algorithm from the
blood pump motor current and aortic pressure, and physicians are able to make informed
decisions about patient care based on the values and trends.

{0088} Bevond merely providing indications of suction events, the display of various
waveforms and average cardiac metric values can also provide information to physicians that
enable them to determine a positioning error of the blood pump. For example, by observing
changes in the LVP waveform {e.g., 506 i FIG. 5A or 526 in FIG. 5B} with respect to the
aortic pressure wavetorm {e.g., 504 in FiG. 5A or 324 in FIG. 5B) a physician or technician
can determine that a blood pump has migrated into the lefi ventricle and is no longer
providing appropriate support as a result. When a blood pump migrates mto the left
ventricle, a change in the shape of the LVYP waveform provides instant feedback that the
positioning crror has occurred. A comparison of the LVP maximum and sunimum values 1o
the aortic pressure maximum and minimum values can indicate to the physician that the
aortic pressure values have begun to reflect a left-ventricular signal instead of the acrtic
pressurc. Meanwhile the LVEDP remains stable, confirming that there are no ventricular
structures impairing the flow arca despite the migration of the pump.

{80689} The display of the waveforms can also be useful during a repositioning of a pump that
has migrated o the loft ventricle. The separate LV P and aortic pressure waveforms can be
viewed to confirm a distinct aortic pressure signal and can provide mstantancous feedback to
the physician or technician duning repositioning. Comparison of the LVP mdication and the
aortic pressure indication can also be viewed and can confirm that repositioning of the blood

puinp as the aortic pressure values separate from the LVP values.
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{00990} In addition to displaving the waveforms and cardiac metric values, the user interface
may provide a waming and/or recommendations if a blood pump positioning problem 1s
detected. The recommendations may include suggestions to decrease a pump flow rate or
motor speed and to access a repositioning guide.

{6691} In addition to displayving cardiac waveforms and values that can indicate to physicians
about suction events and positioning problems, the calculated cardiac parameters and metrics
can also mform weaning decisions. FIG. 5D shows a user mterface 504 for a heart pump
controller dlustrating changes in heart function duning weaning as captured by the displaved
metrics. The user interface includes a first plot 575 showing an aortic pressure wavetorm 574
and a LVP wavetform 576, and a second plot 577 showing a motor current waveform. The
user interface also includes an indication of acrtic pressure 378 over the aortic pressure
wavetorm 574 including a minimum, maximum, and mean value, and an indication of LYP
582 over the LVP wavetform 576 mcluding a minimum, maximum, and end-diastolic
{(LVEDP) value. An indication of current motor spead 580, an indication of blood pump flow
ratc 588, an indication of cardiac output 586, and an indication of cardiac power output 584
arc also included in the user interface 504.

{0092} The LVP wavetorm 576 and aortic pressure waveform 575 displayed in FIG. 3D are
tHustrative of a recovered patient with stable hemodvnamics. The LYEDP should be stable
during weaning process, as the native heart takes over function and clears excess fefi-
ventricular volume. The cardiac output should similarly be stable during weaning as the
native heart takes over for the pump output, and the cardiac power output should be stable
and preferably within the range required by decision protocols of the specific institution. The
progress of a recovered patient during weaning can also be visualized on the metric trend
screen, where an increase in the native cardiac output {e.g., 346 m F1G. 5C) occurs with
decreasing blood pump flow (e.g., 544 1n FIG. 3C} as the support from the blood pump is
decreased over time. The native heart takes over the function from the blood pump during
the weaning process, and the cardiac output (e.g., 542 mn FIG. 3C) remains stable. The
LVEDP {¢.g., 552 in FIG. 5C) 13 stable or dechining as the native heart takes over. Finally,
the cardiac power output {e.g., 338 in FIG. 3} 15 stable.

{0093} In the case of a patient with a worsening condition, the LYEDP is likely to risc duning
a weaning attempt, as the heart 1 unable to pump the excess blood volume and the left-
ventricular volume increases. The LVP waveform 576 and aortic pressure waveform 574

may decrease during this time. The cardiac cutput 586 and cardiac power output 384 also
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decrease during weaning of a sick patient as the native heart fails to compensate for the
decreased support from the blood pump. The dechning funciion of a sick patient durmg
weaming can also be visualized on the metric trends screen, where the native cardiac output
{e.g.. 546 m FIG 5C) may decline over time as the patient becomes more dependent on the
blood pump support. The LVEDP waveform {e.g.. 352 in FI1G. 5C) may rise as the heart is
unable to pump the blood and the LVP increases. The cardiac power output {e.g., 538 in FIG.
5() decreases with lower total power output,

{0094} FIG. 6 shows a process 600 for determining a cardiac power output and displaving a
recommendation of modulation of purmp support to a user. The process 600 can be
performed using the intravascular heart pump system 100 of FIG. 1, or any other suitable
heart pump. The cardiac power cutput, and historical trends in the cardiac power output over
time, can be inderpreted and evaluated by a physician in an imtensive care setting or
catheterization lab to momitor metric trends during the weaning process and to assess patient
readiness to wean the heart from the blood pump support. Additionally, cardiac output,
native cardiac output, and LVEDP can also be generated and displayed to the physician to
nform decisions about weaning of a paticut.

{8895} In order to determine the cardiac power ouiput of a patient, the algorithm proceeds
according to the following process. In step 602, the motor of a heart pump is operated. The
motor may be operated at a constant rotational speed. In step 604, the aortic pressure 15
measured. The aortic pressure may be measured by a pressure sensor coupled to the heant
pump, by a separate catheter, by a noninvasive pressare sensor, or by any other suitable
sensor. The pregsure sensor may be a fluid-filled tube, a differential pressure sensor,
byvdraulic sensor, piczo-resistive strain gauge, optical interferometry sensor or other optical
sensor, MEMS piczo-electric sensor, or any other suitable sensor. In some mplementations,
ventricular pressure is measured in addition to or in alternative to measuring acrtic pressure,
10096} In step 606, the current delivered to the motor is measured and the motor speed is
measured. The current may be measured using a current sensor or by any other suitable
means.

{8097} In step 608, the pulse pressure wave is caleulated from the aortic pressure waveform
by subtracting the minimmum aortic pressure from the maximum aortic pressure. The mean
aortic pressure may also be extracted from the average of the aortic pressure wavetorm.  In
step 610 the native cardiac outpat 18 dertved from the pulse pressure. To calculate the native

cardiac output, a relationship between the pulse pressure and the native cardiac cutput by a
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lincar scaling factor must first be determined. The scaling factor is specific to both the
patient and the condition, and may be derived from internal or external cahibration methods.
In step 612, the pump flow 1s derived from the measured motor current and motor speed. In
step 614, the total cardiac output is determined by adding the pump flow to the native cardiac
output. In step 616, the cardiac power output is calculated from the total cardiac output and
the mean aortic pressure.

8698} In step 618, a recommendation for modulation of the pump support to the heart is
determined based on the calculated cardiac power output. For example, a recommendation to
decrease pump support to wean the patient from cardiac support may be determined 1t the
calculated cardiac power output, or companson of the calculated cardiac power output to a
threshold or historical value, indicates that the patient has improved cardiac function. In
another example, a recommendation o increase pump support to the patient may be
determuned if the calculated cardiac power output, or comparison of the calculated cardiac
power cutput to a threshold or historical value, indicates that the cardiac function has
worsened. Finally, in step 620, the recommendation for modulation of pump support is
generated for display and displayed on a user imterface. In some implementations, the cardiac
power output, and additionally other calculated metrics and parameters, are also generated for
display and displayed with the recommendation for modulation of pump support. The
calculated cardiac power output, and optionally the historical view of the cardiac power
output over time, allows the clinician to view and make decisions based on the trends of the
cardiac power output, for example to make decisions related to the weaning of a patient from
blood pump support. Displaying these metric trends can help a clinician to evaluate the
displaved recommendation of modulate and to support weaning decisions or other decisions
to change the level of support provided by the blood pump.

{80699} The cardiac power cutput is a product of the cardiac output and the mean aortic
pressurc, and is indicative of the true measure of power coming from the heart and the pump
immediately distal to the aortic valve. This 1s measurcable based on the positioning of the
pressure sensor at the pump outflow of the blood pump and the umderstanding of the
operation of the blood pump with respect to the cardiac parameters. Clinicians can use the
native cardiac power output as a measure of the overall health of the heart, as 1t represents the
power being output by the heart itself. The trends of the native cardiac power output can be
used by a chinician to determine if the native heart output is improving or declining and can

make clinical decisions about the support being provided by the blood pump and
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pharmaceutical therapics based on these trends. The determination of cardiac power output
bv the algorthm described above is more rehiable and accurate than such conventional
methods of determination.

{0100}

{0101} FIG. 7 shows a process 700 for recommending an adjustment to a motor speed based
on measured and calculated cardiac parameters. The process 700 can be performed using the
mtravascular heart pump system 100 of FIG. 1, or any other suitable heart pump. The
process 700 imchudes steps 702-716 which are substantially similar to steps 402-416 m Fi(.
4. These steps are recited briefly here, but a person of ordinary skill will understand that the
alternatives and additional details included in the description of the corresponding steps in
FIG. 4 also apply to steps 702-716 of FIG. 7.

{0102} As in process 400 in FIG. 4, in step 702, the motor of a heart pump 1s operated. The
motor may be operated at a constant rotational speed. In step 704, the aortic pressure is
measured. As in process 400 m FIG. 4, the aortic pressure may be measured by a pressure
sensor coupled to the heart pump or by a separate catheter. The sensor may be a flud-filled
tube, a differential pressure sensor, hydraulic sensor, piczo-resistive strain gauge, optical
miterferometry sensor or other optical sensor, MEMS piezo-electric sensor, or any other
suttable sensor. In step 706, the current delivered to the motor is measured and the motor
speed is measured. In step 708, the pressure differential across a cannula of the blood pump
is determined based on the measured motor current and motor speed, by using a lookup table
or accessing a function which accounts for the measured motor current for a known motor
speed, and optionally other parameters as discussed in regard {o process 400 i FIG. 4,
{3103} In step 710, a cardiac parameter 1s calculated based on the pressure differential across
the cannula of the blood pump and the aortic pressure. The cardiac parameter may be one of
a LVEDP, LVP, aortic pulse pressure, mean aortic pressure, pump flow, pressure gradient, or
heart rate. These cardiac parameters can each be used by clinicians as a measure of various
aspects of cardiac health and function. The trends of each of the cardiac parameters over
time can be used by a chinician to determine if the native heart output is improving or
dechining and can make clinical decisions about the support being provided by the blood
punmp and pharmaceutical therapics based on these trends. In some implementations, more
than one cardiac parameter is calculated based on the pressure differential across the cannula

of the blood pump and the aortic pressure.
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{3104} In step 712, the calculated cardiac parameter 1s recorded in the memory. By accessing
the recorded cardiac parameters stored in the memory, a historical view of the cardiac
parameter over time can be accessed by a user or displaved on a display conscle as a trend
tine,

{0108} In step 714, a heart function parameter is determined based on the calculated cardiac
parameter. The heart tunction parameter can be any of cardiac output, cardiac power output,
native cardiac output, native cardiac power output, cardiac contractility, cardiac relaxation,
fluid responsiveness, volume status, cardiac unloading mndex, cardiac recovery index, lefi-
veniricular diastolic function, left-ventricular diastolic elastance, left-ventricular systolic
elastance, stroke volume, heart rate variability, stroke volume variability, pulse pressure
variability, aortic comphance, vascular compliance, or vascular resistance. These heart
function parameters can be caleunlated from the caleulated cardiac parameter and other
available measured parameters. The heart function parameters offer additional mformation to
climicians about the heart fimetion. In some implementations, the heart function parameter is
also recorded in the memory in order to provide historical data and heart function parameter
trends with respect to time.  In some unplementations, more than one heart function
parameter is determined.

10106} In step 716, the calculated cardiac parameter and/or the heart function parameter is
generated for display and is displayed to a user. The calenlated cardiac parameter and/or
heart function parameter is accessed from the memory and 1s generated for displav as a
number value, maximom and minimum value over a period of time, and/or as a historical
trend over time. The cardiac parameter and heart fuoction parameter is then displayved to a
clinician on a display, such as display 300 in FIG 3. The calculated cardiac parameter, the
heart function parameter, and optionally the historical views of the cardiac parameter and/or
heart function parameter over ime, allows a clinician to view and make decisions based on
the trends of the cardiac parameter and heart function parameter.

{8107} The display and/or the determination of the cardiac parameter and heart function
parameter can be continucus or nearly continuous while the heart pumyp is tmplanted m the
heart. This can be advantageous over conventional catheter-based methods that only allow
sampling of cardiac function at specific times during the cardiac cycle or at discrete points in
time. For example, continuous monitoring of the cardiac parameter may allow more rapid
detection of cardiac deterioration. Continuous monitoring of the cardiac parameter and heart

function parameter can ilustrate changes in the heart condition over time. Additionally | if the
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cardiac assist device 1s already in the patient, the cardiac function can be measured without
having to introduce an additional catheter into a patient. The cardiac parameter and/or heart
function parameter may be displaved as shown in the user interface of FIG. 3 or using any
other suitable user interface or report.

{0108} In step 718, a recommended change 1o the motor speed is deternuned based on the
calculated cardiac parameter and heart function parameter. The recommended change to the
motor speed may be determined based on a comparison of the cardiac parameter and/or the
heart function parameter to a threshold value. Subsequently, the cardiac parameter and/or the
heart function parameter, or a difference between the cardiac parameter or heart function
parameter and the threshold value may be used to determine a required increase or decrease
i pump flow, and the increase or decrease in pump flow may be used to determine a
corresponding motor speed using a look- up table or other function.

{8109} In step 720, the recommended change to the motor speed is generated for display and
is displayed. The recommended change to the motor speed can be displayed in the user
mterface of FIG. 3. In some implementations, the recommended change to the motor speed is
displaved on the main screen. In some implementations, the recommended change to the
motor speed is displayed as a pop-up or warning. n step 722, a user input 18 accepted in
response to the displayed recommended change to the motor speed. In step 724, the motor
specd is adjusted according to the user input. The motor speed 15 adjusted by changing the
power delivered to the motor. The motor speed mayv be adjusted to be faster or slower than a
current speed of the motor depending on the user input in response to the recommended
change in motor speed. The power delivered to the motor can be adjusted avtomatically by a
controller or manually {¢.g.. by a healthcare professional). The degree of support can be
mereased when a patient’s heart function is deteriorating or the degree of support can be
decreased when a patient’s heart function is recovering, thus allowing the patient to be
gracdually weaned off of the therapy. This can allow the device to dynanmically respond to
changes in heart function to promote heart recovery. It can also be used to intermuttently
modulate pump support and to diagnose how the heart reacts, ¢.g., if it can take over the
pumping function from the heart pumping device.

{3116} FIG. 8 shows a process 800 for recommending an adjustment to a motor speed based
on a cardiac power output and LVEDP. The process 300 can be performed using the
mtravascular heart pump system 100 of FIG. 1, or any other suitable heart pomp. The

process 800 follows the steps of process 700 shown m FIG. 7 for the particular case of
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determining a recommendation of an adjustment to the motor specd based on the cardiac
power output and LVEDP. In step 802, the motor of a heart pump is operated. The motor
may be operated at a constant rotational speed. In step 804, the aortic pressure 18 measured.
The acortic pressure may be measured by a pressure sensor coupled to the heart pump, by a
separate catheter, by a noninvasive pressure sensor, or by any other suitable sensor. The
pressure sensor may be a fluid-filled tube, a differential pressure sensor, hvdraulic sensor,
ptezo-resistive strain gauge, optical interferometry sensor or other optical sensor, MEMS
piezo-clectric sensor, or any other suitable sensor. In some implementations, ventricular
pressure is measured m addition to or n alternative to measuring aortic pressure. In step 806,
the current delivered to the motor ts measured and the motor speed 1s measured. The current
may be measured using a current sensor or by any other suitable means.

{0111} In step 808, the pressure differential across a cannula of the blood pump is determuned
based on the measured motor current and motor speed. The controlier may access a look-up
table, such as a look-up table based on the relationship between the differential pressure and
the motor current for a known motor speed in FIG. ZA. The controller may alternatively
utilize a function describing the relationship between the differential pressure and the motor
current 1o determine the ditferential pressure across the cannula of the blood pump associated
with the measured motor current and a known motor speed. The controller may also take nto
account various other parameters i the determination of the differential pressure, for
example characteristics of the blood pump, pump controller or console, environmental
parameters, and motor speed settings, 1 order to more accurately determine the pressure
gradient across the cannula,

{6112} In step 810, a LVEDP and a cardiac power output arc determined based on the aortic
pressure and the pressure gradient across the blood pump cannula. The LVEDP 15 calculate
by subtracting the pressure gradient across the cannula determined from the motor current
from the aortic pressure and selecting the end-diastolic point from the cardiac cycle. The
cardiac power output 1s calculated by first determinmg a native cardiac output from a pulse
pressure, determining a total cardiac output based on the pump flow, and finally using the
cardiac cutput with the mean arterial pressure to caleulate the cardiac power cutput. In some
implementations, if the blood pump is a right heart blood pumyp the right ventricular pressure
is determine

{0113} In step 812, a recommended adiustment to the motor speed of the blood pump is

determined. The recommended adjustment to the motor speed may be determined based on a
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comparison of the LVEDP, the cardiac power output, the cardiac output, and/or the mean
aortic pressure to a threshold value. Subsequently, the above compared cardiac parameter, or
a difference between the compared cardiac parameter or heart function parameter and the
threshold value may be used to determine a requured increase or decrease in pump flow, and
the mncrease or decrease in pump tlow may be used to deternine a corresponding motor speed
using a look-up table or other function.

{8114} In step 814, the recommended adjustment to the motor speed of the blood pump is
generated for display and 1s displaved. The recommended change to the motor speed can be
displaved in the user interface of FIG. 3. In some implementations, the recommended change
to the motor speed 1s displaved on the main screen. In some mmplementations, the
recommended change to the motor speed is displayed as a pop-up notification or waming.
{0115} FIG. 9 shows a process 900 for recommending a higher flow device for treatment
based on measured and calculated cardiac parameters. The process 900 includes steps 902-
918 which are substantially simlar to steps 702-718 1n FIG. 7. These steps are recited briefly
here, but a person of ordinary skill will understand that the altematives and additional details
mcluded in the description of the corresponding steps i FIG. 7 also apply to steps 902-918 of
FIG. 9.

10116} In step 902, the motor of a heart pump is operated. In step 904, the aortic pressure is
measurcd. In step 906, the current delivered to the motor is measured and the motor speed is
measured. In step 908, the pressure differential across a cannula of the blood pump s
determined based on the measured motor current and the measured motor speed. In step 910,
a cardiac parameter is calculated based on the pressure differential across the cannula of the
blood pump and the aortic pressure. In step 912, the calcnlated cardiac parameter is recorded
m the memory. The calculated cardiac parameter may be any of LVEDP, LVP, aortic pulse
pressure, mean aortic pressure, pump flow, pressure gradient, or heart rate. Instep 914, a
heart function parameter is determined based on the calculated cardiac parameter. The heart
function parameter may be any of cardiac output, cardiac power output, native cardiac output,
native cardiac power output, cardiac contractility, cardiac relaxation, fluid responsiveness,
volume status, cardiac unloading index, cardiac recovery index, lefi-ventricular diastolic
function, left-ventricular diastolic elastance, left-ventricular systolic elastance, stroke volume,
heart rate vanability, stroke volume variability, pulse pressure varability, aortic compliance,
vascular compliance, or vascular resistance. In step 916, the calculated cardiac parameter

and/or the heart function parameter 1s generated for display and is displayed to a user. The

L2
(4



WO 2018/227156 PCT/US2018/036757

recorded cardiac parameter is accessed in the memory and is processed for display as an
mstantaneous value, a set of maximum and minimum values over a period of time, and/or as
a historical trend over ime. The recorded cardiac parameter 1s then displayed to a aser. In
some implementations, the calculated heart function parameter is also stored and digplayed as
atrend over time. In step 918, a recommended change to the motor speed is determuned
based on the caleulated cardiac parameter and heart function parameter.

18117} In step 920, the recommended change to the motor speed 1s compared to a threshold
value. The threshold value may be a value associated with the blood pump, indicating a
maximum or nunimum operational motor speed. The recommended change to the motor
speed is compared to a threshold value in order to determine if the current blood pump 1s
capable of operating at the required speed and/or whether the current blood pump is the
optimal blood pump for operation at the required speed.

{0118] In step 922, an appropriate blood pump for operation at the recommended motor
speed is determined based on the comparison to the threshold value. The appropriate blood
pump may be determined by consulting a look-up table including properties and
characteristics of various available blood pumps. The determination of the appropriate blood
pump for operation at the recommended motor speed may also take into account the
calculated cardiac parameter and/or the heart function parameter. Accounting for the
calculated cardiac parameter and/or the heart function parameter may enable the controlier to
make a recommendation based not only on the recommended pump speed, but also on the
general heart function and health. In some cases, it may be unwise to change to a different
blood pump because of the poor cardiac function of a patient. Taking the calculated cardiac
parameter and heart function into account, or altematively, displaving a waming to the
cimician with the recommendation, prevents changing the blood pump to adjust a motor
speed when it would be unwise to do so.

10119} In step 924, the determined appropriate blood pump is generated for display and ig
displayed. The cardiac parameter and heart function parameter can be displayedto a
clintcian on a display, such as display 300 in FIG. 3. In some implementations, the
recommended motor speed is also displayed. As noted above, additional mformation or
warnings to the clinician can also be displayed when a different blood pump is recommended,
prompting the clinician to follow protocols or to make additional determinations of heart

function and health before acting on the recommendation.
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{3120} FIG. 10 shows a process 1000 for recommending a pharmaceutical therapv based on
measured and calculated cardiac parameters. For example, the titration of medicaments,
mclading motropes and vasopressors, can be monitored and determined based on the
evaluation of cardiac metrics such as cardiac output, mean acrtic pressure and others.
Further, volume status and fluid responsiveness can be momitored by evaluation of the
LVEDP over time. The process 1000 for recommending a pharmaceutical therapy includes
steps 1002-1020 which are substantially similar to steps 702-720 in FIG. 7. These steps are
recited briefly here, but a person of ordinary skill will understand that the alternatives and
additional details included in the description of the corresponding steps in FIG. 7 also apply
to steps 1002-1020 of FIG. 10,

{121} In step 1002, the motor of a heart pump is operated. In step 1004, the aortic pressure
1s measured. In step 1006, the current delivered to the motor is measured and the motor
speed 1s measured. In step 1008, the pressure differential across a cannula of the blood pump
is determined based on the measured motor current and measured motor speed. In step 1010,
a cardiac parameter is calculated based on the pressure differential across the cannula of the
blood pump and the aortic pressure. The calculated cardiac paramcter may be any of
LVEDP, LVP, aortic pulse pressure, mean aortic pressure, pump flow, pressure gradient, or
heart rate. In step 1012, the calculated cardiac parameter is recorded in the memory. In siep
1014, a heart function parameter is determined based on the calculated cardiac parameter.
The heart function parameter may be any of cardiac output, cardiac power output, native
cardiac cutput, native cardiac power output, cardiac contractility, cardiac relaxation, fhud
responsiveness, volume status, cardiac wdoading index, cardiac recovery index, lefi-
veniricular diastolic function, left-ventricular diastolic elastance, left-ventricular systolic
clastance, stroke volume, heart rate vanability, stroke volume vanability, pulse pressure
variability, aortic comphance, vascular compliance, or vascular resistance. In some
munplementations, the heart function parameter is also stored in the memory. In step 1016, the
calculated cardiac parameter and/or the heart function parameter is displayed.

{8122} In step 1018, a recommended therapy is determined based on the calculated cardiac
parameter and heart function parameter. The recommended therapy is based on the
calculated cardiac parameter and heart function parameter. In some implementations, the
recommended therapy is based on a comparison of the caleulated cardiac parameter and/or
the heart function parameter to a threshold value. In some mmplementations, the

recommended therapy is based on a comparison of a change 10 the calcolated cardiac
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parameter and/or the heart function parameter over a period of time. In some
mmplementations, the recommended therapy is determined by accessing a look-up table and
extracting a dosage corresponding to a current value of the calenlated cardiac parameter and
heart function parameter.

{0123} For example, a combination of the calculated cardiac parameters of native cardiac
output, LYEDP, and cardiac power ouiput can be analyzed by the algorithm and compared to
threshold values to deternnine that a pharmaceutical intervention 1s warranted or would be
beneficial. The algorithm may determing that the administration of inotropes is warranted,
and further analysis such as consultation of a look-up table of dosages may allow the
algorithm to provide the recommendation that the clinician administer inotropes as well as a
recommendation for the particular dosage or titration with which the therapy should be
administered.

{0124} Monitoring and analyzing additional cardiac parameters allows the algorithm to also
provide information and recommendations to clintcians to modulate the thud intake of a
paticnt or the administration of divretics to the patient. By measuring and determining
cardiac parameters such as native output, LVEDP, and varation within aortic pulse pressure,
the algorithm can identify the status of patients and whether they are m an optimum flwid
window} and can also assess and report on the fluid responsiveness of a patient.

10125} In step 1020, a recommended dosage associated with the recommended therapy is
determuned. The recommended dosage is based on the caleulated cardiac parameter and heart
function parameter. In some implementations, the recommended dosage isbased on a
comparison of the calculated cardiac parameter and/or the heart function parameterto a
threshold value. In some implementations, the recommended dosage 1s basedon a
comparison of a change m the calculated cardiac parameter and/or the heart function
parameter over a period of time. In some implementations, the recommended dosage is
determuned by accessing a look-up table for the recommended therapy and extracting a
dosage corresponding to a current value of the calculated cardiac parameter and heart
function parameter.

{8126} In step 1022, the recommended therapy and the recommended dosage are generated
for display and are displaved. The recommended therapy and the recommended dosage can
be displaved m the user interface of FIG. 3. In some mmplementations, the recommended
therapy and the recommended dosage 1s displayed on the main screen. In some

implementations, the recommended therapy and the recommended dosage is displayed as a
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pop-~up or warning. In a sinmilar fashion as in the process 900, the recommended therapy and
recommended dosage may be digplaved with a warning to a clinician to prompt the chimician
to follow specific protocols or to monitor or check other cardiac function parameters before
administenng any therapy.

{0127} FIG. 11 shows a process 1100 for alerting a user of predicted adverse cardiac events
based on measured and calculated cardiac parameters. The process 1100 includes steps 1102-
1120 which are substantially similar to steps 702-720 1n FIG. 7. These steps are recited
bricfly here, but a person of ordmary skill will understand that the altermatives and additional
details included in the description of the corresponding steps 1 FIG. 7 also apply 1o steps
1102-1120 of FIG. 11,

10128} In step 1102, the motor of a heart pump is operated. In step 1104, the aortic pressure
1s measured. In step 1106, the current delivered to the motor is measured and the motor
speed 1s measured. In step 1108, the pressure differential across a cannula of the blood pump
is determined based on the measured motor current and measured motor speed. In step 1110,
a cardiac parameter is calculated based on the pressure differential across the cannula of the
blood pump and the acriic pressure. The calculated cardiac parameter mayv be any of
LVEDP, LVP, aortic pulse pressure, mean aortic pressure, pump flow, pressure gradient, or
heart rate. Instep 1112, the calculated cardiac parameter is recorded m the memory. In step
1114, a heart function parameter is determined based on the calculated cardiac parameter.
The heart function parameter may be any of cardiac output, cardiac power output, native
cardiac cutput, native cardiac power output, cardiac contractility, cardiac relaxation, fhud
responsiveness, volume status, cardiac wdoading index, cardiac recovery index, lefi-
ventricular diastolic function, left-ventricular diastolic clastance, left-ventricular systolic
clastance, stroke volume, heart rate vanability, stroke volume vanability, pulse pressure
variability, aortic comphance, vascular compliance, or vascular resistance. In some
munplementations, the heart function parameter is also stored in the memory. In step 1116, the
calculated cardiac parameter and/or the heart function parameter is generated for display and
is displayed to a user. The calculated cardiac parameter and/or the heart fimction parameter
can be generated for display as an instantancous value, a maximum and mintmum value over
a period of time, and/or as a historical trend over time. The calculated cardiac parameter
and/or the heart function parameter is then displayed to the user.

{3129} In step 1118, the calculated cardiac parameter and/or the heart function parameter are

compared to a threshold value. In some implementations, the set threshold value 1s a system
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value sct within the controlier. In some implementations, the sct threshold value is set by a
cimician based on a patient’s history and health. In some implementations, the set threshold
value i1s a previous value of the cardiac metric, for example, a previous value measured or
calculated a predetermined amount of time before. In step 1120, it 1s determined whether the
calculated cardiac parameter and/or the heart function parameter satisty the threshold value.
The set threshold value 15 set such that a cardiac parameter or heart function parameter whaich
satisties the threshold s an indication or possible indication of an carly warning signal of a
cardiac or ischemic event in progress.

{8130} Many adverse events can be predicted based on the determimation of cardiac
parameters and comparison of the cardiac parameters or their trends over time 1o a threshold
value. Additionally, the display of these additional cardiac parameters to healthcare
professionals m real ime and including historical data enables physicians to better understand
patient health and to predict and address possible adverse events. For example, additional
tschemic events, conduction abnormalities, or bleeding and hemolvsis can be detected and
addressed based on the cardiac parameters calculated and displayed according to the
algorithm described herein. Based on the prediction of such adverse events, a physician can
make chinical decisions such as optimization of support to maximize native recovery, and
balancing of left and right-sided support.

{0131} In step 1122, an alarm is triggered with regard to the cardiac parameter and/or the
heart function parameter. The alarm can be an audible alarm or can be displayved m the user
mterface of FIG. 3. In some implementations, the alarm can be sent, via a Wi-Fi network,
blue tocth signal, or celludar signal, to a clinician by page, text, or email. In some
implementations, the warning is displaved on the main screen. In some implementations, the
warning is displayed as a pop-up message. In some mmplementations, the warning can be
tamed off or muted by a clinician.

13132} FIG. 12 shows a process 1200 for balancing right and lefi-sided blood pump devices
during bi-venincular support based on measured and calculated cardiac parameters. When
both left-sided and right-sided devices provide simultancous cardiac support, it can be
challenging to balance the right-sided and lefi-sided output tc maintain appropriate pressures
i the lungs and limit the risk of pulmonary edema. Measuring native cardiac outputs and
total outputs along with the pulmonary artery pressure and lefi-ventricular diastolic pressure

enable clinicians to better balance the right and left side support.
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{0133} In step 1202, the first motor of a first blood pump is operated. This mayv be, for
example a right-sided device placed in the right venirnicle and pulmonary artery of the heart.
In step 1204, the second motor of the second blood pump is operated. This may be, for
example, a lefi-sided device placed in the left ventricle and aorta of the heart. The first motor
and the second motor are simultancously operated to provide support to both sides of the
heart. At step 1206, the pressure at the pump outlet 1s measured. For the second pump, a
left-side device, this s the aortic pressure. For the first pump, a right-sided device, this is the
pulmonic pressure. The aortic pressure may be measured by a pressure sensor coupled to the
heart purnp, by a separate catheter, by a noninvasive pressure sensor, or by any other suitable
sensor. The pressure sensor may be a fluid-filled tube, a differential pressure sensor,
hydraudic sensor, piezo-resistive strain gauge, optical interferometry sensor or other optical
sensor, MEMS piezo-electric sensor, or any other suitable sensor. In some implementations,
ventricular pressure is measured in addition to or in alternative to measuring aoriic pressure,
18134} Atstep 1208, the first motor current and first motor speed of the first blood pump are
measured and the second motor current and second motor speed of the second blood pump
arc rocasured. In step 1210, the first pressure differential across a first cannula of the first
blood pump 1s determined based on the measured first motor current and measured first
motor speed, and the second pressure differential across a sccond cannula of the second blood
pump is determined based on the measured second motor current and measured second motor
speed. The first pressure differential and the second pressure differential may be determined
by using a lookap table or accessing a function which accounts for the measured motor
current, measured motor speed, and optionally other parameters.

{8135} In step 1212, a first cardiac parameter is calculated based on the first pressure
differential across the first cannula of the first blood pump and the first pump outlet pressure,
and a second cardiac parameter is calculated based on the second pressure differential across
the second cannula of the second blood pump and the second pump outlet pressure. The first
cardiac parameter, from the right-sided device may be any of a right ventricular pressure, a
right ventricular end-diastolic pressure, a polmonary artery pressure, a right arterial pressure,
a central venous pressure, or a blood pump flow rate. The second cardiac parameter, from the
left-sided device, may be any of a LVEDP, LVP, aortic pulse pressure, mean aorfic pressure,
pump flow, pressure gradient, heart rate, or night artenal pressure, . These cardiac

parameters can each be used by clinicians as a measure of vanous aspects of cardiac health
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and tunction and to betier balance the right and lefi-sided devices to provide balanced cardiac
support.

4136} Further, the trends of each of the cardiac parameters over time can be used by a
clinician to determine if the native heart output 1s improving or dechning and can make
chinical decisions about the support being provided by the blood pumps and pharmaceutical
therapics based on these trends. In some implementations, more than one cardiac parameter
is calculated based on the pressure differential across the cannula of the blood pump and the
aoTtic Pressure.

{8137} In step 1214, a heart funchion parameter is determined based on the calculated first
cardiac parameter and/or the calculated second cardiac parameter. The heart function
parameter can be any of cardiac output, cardiac power output, native cardiac cutput, native
cardiac power output, cardiac contractility, cardiac relaxation, thuid responsiveness, volume
status, cardiac unloading index, cardiac recovery index, left-ventricular diastolic function,
left-ventricular diastolic elastance, left-ventricular systolic elastance, stroke volume, heart
rate variability, stroke volume vanability, pulse pressure vartability, acrtic compliance,
vascular comphance, or vascular resistance, or similar parameters associated with right-side
support. These heart function parameters can be calculated from the calculated cardiac
parameters and other available measured parameters. The heart function parameters offer
additional information to chinicians about the heart function and about the balance of the
support being provided by the first blood pump and the second blood pump. In some
inplementations, the heart function parameter is also recorded in the memory in order to
provide historical data and heart function parameter treads with respect to time. In some
implementations, more than one heart function parameter is determined.

{3138} Instep 1216, a recommended change to the level of support provided by the first
blood pump and/or the second blood pump 1s determined. The recommended change to the
level of support may be accessed in a look-up table stored in the memory, or may be
calculated based on current or historical values of the cardiac parameters and heart function
parameters. The recommended change to the level of support may melude a prompt to
merease or decrease pump support, and/or may include a recommendation of an amount of
change to be made to the pump support.

{8139} In step 1218, the recommended change to the level of support provided by the first
blood pump and/or the second blood pump s generated for display and 1s displaved. The

recommended change to the level of support provided by the first blood pump and/or the
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second blood pump can be displayed in the user mterface of FIG. 3. In some
implementations, the recommended change o the level of support provided by the first blood
pump and/or the second blood pump is displaved on the main screen. In some
implementations, the recommended change to the level of support provided by the first blood
purap and/or the second blood pump is displaved as a pop-up or warmning. The recommended
change to the level of support provided by the first biood pump and/or the second blood
pump may be displaved to a clinician with additional information about the first and second
blood pumps, and with prompts to follow protocols and conduct further checks before
changing the level of support provided by adjustment of the motor speed of the first blood
pump or the second blood pump. In some implementations, the controller may determinge the
appropriate change in motor speed to one or both of the first blood pump and the second
blood pump, and may also determine if the first blood pump and the second blood pump
currently providing support are the optimal blood pumps 1o operate at a recommended motor
speed to provide the recommended level of support.

{0148} Using the data collected by the one or more blood pumps and blood pump systems to
calculate clinically relevant cardiac parameters and heart function parameters and displaving
the parameters to chinicians m real-time provides clinicians with important information about
cardiac health and function that can be used to make clinical decisions about support.
Further, algorithms within the blood pump controller or console which aid clinicians in
determining potential issues and provide recommendations to improve cardiac function give
climicians the ability to detect 1ssues carlier and to respond to problems more quickly than
they can without this important information.

{3141} FIG. 13 shows a block diagram 1300 of a process for automatically modifying the
level of support provided by a blood pump. In step 1302 a blood pump positioned in the
heart is operated to provide a level of cardiac support to the heart. The blood pump has a
cannula and a motor operating at a motor speed and drawing a variable current to provide the
support to the heart. At step 1304, a controller coupled to the blood pump measures the
aortic pressure in the heart. At step 1306, the controller measures the motor current and the
motor speed. At step 1308, the controlier determines a pressure gradient across the cannula
associated with the motor current and the motor speed.

{3142} Atstep 1310, a processor calculates a calculated cardiac parameter based on the aortic
pressure and the pressure gradient across the canmila associated with the motor current and

the motor speed. At step 1312, the calculated cardiac parameter 1s recorded in a memory. At
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step 1314, a heart function parameter is determined based on the calculated cardiac
parameier. In some implementations, the heart function parameter is also stored m the
memory. At step 1316, a recommended change to the level of cardiac support support
provided by the blood pump is determined based on at least one of the calculated cardiac
parameter and the heart fimction parameters. At step 1318, the recommended change to the
level of cardiac support is generated for display.

{8143} In some implementations, more than one cardiac parameter is calculated from the
aortic pressure and the pressure gradient across the cannula. For example, any number of
cardiac parameters can be calculated. inciuding LVEDP, LVP, aortic pulse pressure, mean
aortic pressure, pump flow, pressure gradient, or heart rate. In some implementations, these
cardiac parameters are alsc generated for display as maximum or miminum values, average
values, instantancous values, historical trends, or waveforms. In some implementations,
more than one heart function parameter 1s determined from the cardiac parameters. For
example, the heart function parameter may be a cardiac output, cardiac power output, native
cardiac cutput, native cardiac power output, cardiac contractility, cardiac relaxation, fhud
responsivencss, volume status, cardiac unloading index, cardiac recovery index, lefi-
veniricular diastolic function, left-ventricular diastolic elastance, left-ventricular systolic
clastance, stroke volume, heart rate variability, stroke volume variability, pulse pressure
variability, aortic comphiance, vascular compliance, or vascular resistance.

{8144} In some implementations, the calculated cardiac parameter is a LVEDP and the heart
function parameter 1s a cardiac power cutput. By calculating the LYEDP and cardiac power
cutput, a recommendation for modulation of cardiac support can be determined based on
historical data. Based on the patient cardiac health as illustrated by the LCEDP and cardiac
power output, a recommendation to increase the motor speed (to provide increased cardiac
support by the blood pump for patients with failing health) or to decrease the motor speed (o
wean a patient with improving health from the blood pump) may be determined, generated
for display, and displaved to a health care professional.

18145} Such recommendations may be determined by comparing a current value of the
LVEDP and/or cardiac power cutput to a previous value or to a set threshold value. Based on
the comparison, a look up table stored 1 the memory may provide a recommendation which
can include an indication of the determuned recommended change in support level, as well as
a list of steps to achieve the recommended change. Alternatively, 1o some implementations,

the recommended change in the level of cardiac support can be automated by the controller.
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{3146} Various combinations of cardiac metrics and parameters can be useful in determining
aspects of patient carcdiac health and functioning of both the heart and the blood pump. The
values of these parameters, as well as recommendations and warnings generated by the
algorithms based on historical information or present thresholds based on patient health,
enable health care professionals to make informed decisions about modulation of support, as
well as a number of other healthcare decisions as desceribed above in reference to FIGS. 4-12.
18147} FIG. 14 shows a block diagram of an exemplary blood pumyp system 1400 to enact
any of the methods described above with regard to FIGS. 4-13. The heart pump system 1400
may operate within a heart, partially within the heart, outside the heart, partially outside the
heart, partially outside the vascular system, or in any other soitable location i a patient’s
vascular system. The blood pump system 1400 mchudes a console 1401 and a blood pump
1402, The console 1401 includes a drive unit 1404, a memory 1406, a processor 1408,
circuttry 1403, and a display 1410,

18148} The blood pump system 1400 may be used with any suitable blood pump device, for
example, blood pumap 1402 may be blood pump 100 shown in FIG. 1, to provide cardiac
support to the right or left side of the heart. The blood pump 1402 includes motor 1405 and
sensor 1407, as well as other components of blood pump 100 1 FIG. 1, which are not shown.
In some implementations, the blood pump system 1400 may be used with two blood pumps
m order to provide cardiac support to the left and right sides of the heart simultancously.
{6149} The blood pump 1402 is coupled to the drive unit 1404 by circuitry 1403, All or part
of the circuitry 1403 may be in the console 1401 separate/remote from the blood pump 1402,
In some implementations, the cirautry 1403 s mternal to the blood pump 1402, The circuitry
1403 and the blood pump 1402 arc not shown to scale.  The drive unit 1404 supplics a
current to the motor 1403 of the heart pump 1402 by civeuitry 1403, The current that the dnive
unit 1404 supplies to the motor 1405 of the heart pump 1402 over wire 1426 i3 measured by
the current sensor 1409 in or coupled to the drive unit 1404

{8156} The placement signal or aortic pressure 1s measured at the pressure sensor 1407
located on the blood pump 1402, The pressure detected at the pressure sensor 1307 ig
received through circwitry 1403 at the drive uwnit 1404 and may be passed to the processor
1408 along with the current supplied to the motor 1405, In some implementations, the aortic
pressure may be measured by a pressure sensor 1407 coupled to the blood pump 1402, by a
separate catheter, by a noninvasive pressure sensor, or by any other suitable sensor. The

pressurc sensor 1407 may be a fluid-filled tube, a differential pressure sensor, hvdraulic
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sensor, piczo~resistive strain gauge, optical imterferometry sensor or other optical sensor,
MEMS piezo-~¢lectric sensor, or any other suitable sensor.

{3131} The processor 1408 includes software and/or hardware allowing it to recetve the
motor current and pressure measurements from the drive unit 1404 and use the values to
determine a plurality of additional cardiac parameters and heart function parameters. For
example, the processor includes software that uses the methods described with regard to
FIGS. 2A-2E to calenlate a LVP and LVEDP from the motor current of the blood pump 1402
and aortic pressure mformation received from the pressure sensor 1407, Further, the
processor 1408 is capable of storing received measurements, the parameters and the values in
the memory 1406, and of accessing stored values and parameters in the memory for to
generate for display on the display 1410,

{0152} The processor 1408 further includes algorithms that execute the steps descrbed with
regard to FIGS. 4-13 to accept or request values of the current and aortic pressure form the
drive unit 1404 and determine from these values cardiac and heart function parameters
mdicative of g health or function of a heart. The values can also be generated for display to a
user and be displayed on the display 1410,

{31533} The processor 1408 is capable of accessing functions and look-up tables stored in the
memory 1406 in order to make determinations regarding the calculated cardiac and heat
function parameters and 1o use the determinations to make recommendations regarding the
treatment and support provided to a patient’s heart. The processor 1408 is capable of
generating the recommendations and displaying these recommendations on display 1410,
{0154} Display 1410 may be substantially similar to the user interface 300 1n FIG. 3. The
display provides the calculated cardiac parameters and heart function parameters of clinical
relevance to clinicians to enable them to make treatment decisions with real-time data.
Further, the display 1410 allows the processor 1408 to display recommendations to a
clinician to allow clinicians to more quickly detect and respond to life-threatening cardiac
issucs. The processor 1408 on console 1401 uses the blood pump 1402 and accessible
measurements to provide additional mformation to chinicians to help them to provide more
efficient and more effective cardiac therapies to patients.

{0155} The foregoing 1s merely Ulustrative of the principles of the disclosure, and the
apparatuses can be practiced by other than the described embodiments, which are presented

for purposes of lustration and not of himitation. It is to be understood that the apparatuses
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disclosed herein, while shown for use in percutancous insertion of heart pumps, may be
applied to apparatuses in other applications.

{3136} Varations and modifications will occur to those of skill in the art after reviewing this
disciosure. The disclosed features may be implemented, in any combination and
subcombination (including multiple dependent combinations and subcombinations), with one
or more other features descenibed hercin. The vanous features described or tlustrated above,
mehuding any components thereof, may be combined or integrated in other systems.
Moreover, certain features mav be omitted or not implemented.

{3157} In general, embodiments of the subject matter and the functional operations described
in this specification can be implemented in digital electronic circuitry, or in compater
software, firmware, or hardware, mcluding the structures disclosed in this specification and
their structural equivalents, or in combinations of one or more of them. Embodiments of the
subject matter described in this specification can be implemented as one or more computer
program products, i.e., one or more modules of computer program mstractions encoded on a
computer 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 matier 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 tor processing
data, including by way of example a programmable processor, a computer, or multiple
processors or computers. The apparatus can mnclude, i addition to hardware, code that
creates an execution enviromment for the computer program in question, ¢.g., code that
constitutes processor firmware, a protocol stack, a database management system, an operating
gyster, or a combination of one or more of them. A propagated signal 1s an artificially
generated signal, ¢.g., a maching-generated electrical, optical, or electromagnetic signal that
1s generated to encode information for transmission to suitable receiver apparatus.

{8158} A computer program {(also known as a program, software, software application, script,
or code} can be wriiten i anv form of programming language, inclading compiled or
mterpreted languages, and it can be deployed in any form, mncluding as a stand-alone program
or as a module, component, subrouting, or other unit suitable for use in a computing
environment. A computer program does not necessarily correspond 1o a file in a file system.

A program can be stored in a portion of a file that holds other programs or data {e.g.

=

one or

more scripts stored in a markup language document}, in a single file dedicated to the program
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i question, or in multiple coordinated files (c.g., files that store one or more modules, sub
programs, or portions of code). A compuier program can be deploved to be executed on one
computer or on multiple computers that are located at one site or distributed across multiple
sites and interconnected by a communication network.

10159} The processes and logic flows described in this specification can be performed by one
or more progranumable processors executing one or more computer programs to perform
functions by operating on input data and generating output. The processes and logic flows
can also be performed by, and apparatus can be tmplemented as, special purpose logic
circuitry, ¢.g., an FPGA (field programmable gate array) or an ASIC {(application specific
mtegrated circuit).

13168} Processors suitable for the exccution of a computer program include, by way of
example, both general and special purpose microprocessors, and any One O MOTE ProCessOrs
of any kind of digital computer. Generally, a processor will recerve instructions and data from
a read only memory or a random access memory or both. The essential elements of a
computer are a processor for performing mstructions 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 transfer data to, or both, one or more mass storage devices for
storing data, ¢.g., magnetic, magneto optical disks, or optical disks. However, a computer
need not have such devices.

{8161} Examples of changes, substitutions, and alterations are ascertainable by one skilled in
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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We Claim:

1. A percutaneous blood pump system comprising:
a blood pump configured to be positioned in a heart, the blood pump comprising:
a cannula;
a sensor configured to measure an aortic pressure in the heart; and
a motor operable at a motor speed and configured to draw a variable motor current
to provide a level of cardiac support to the heart; and
a controller configured to control the motor current and motor speed, the controller
comprising:
a memory;
a user interface; and
a processor configured to:
measure the motor current and the motor speed of the motor;
receive an indication of the aortic pressure from the sensor and convert the
indication of the aortic pressure to an aortic pressure measurement;
determine a pressure gradient across the cannula associated with the motor
current and the motor speed;
calculate at least one cardiac parameter based on the aortic pressure
measurement and the pressure gradient across the cannula;
record the at least one calculated cardiac parameter in the memory;
calculate, based on the at least one cardiac parameter, one or more heart
function parameters;
determine, based on at least one of the at least one cardiac parameter and
the one or more heart function parameters, a recommended change to the level of
cardiac support to the heart; and
generate for display on the user interface the recommended change to the

level of cardiac support.

2. The percutaneous blood pump system of claim 1, wherein the processor is further

configured to:
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accept a user input in response to the displayed recommended change to the level of cardiac
support provided by the blood pump; and
adjust the motor speed to adjust the level of cardiac support according to the user input.

3. The percutaneous blood pump system of claim 2, wherein the motor speed is adjusted
according to the user input by increasing the motor speed to increase the flow of blood from the
heart.

4. The percutaneous blood pump system of claim 2, wherein the motor speed is adjusted
according to the user input by decreasing the motor speed to wean the heart from the cardiac

support.

5. The percutaneous blood pump system of claim 2, wherein the calculated cardiac
parameter is at least one of a left-ventricular pressure, a left ventricular end diastolic pressure, an

aortic pulse pressure, and a mean aortic pressure.

6. The percutaneous blood pump system of claim 5, wherein the heart function parameter

is selected from a cardiac output and a cardiac power output.

7. The percutaneous blood pump system of claim 6, wherein the processor is further
configured to access, in the memory, a history of previously recorded cardiac parameters and heart

function parameters.

8. The percutaneous blood pump system of claim 7, wherein the processor is further
configured to generateg for display at least one of the calculated cardiac parameter and the heart

function parameter as a function of time.
9. The percutaneous blood pump system of claim 8, wherein the determined recommended

change to the motor speed is based on the history of at least one of the previously recorded cardiac

parameters and heart function parameters.
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10. The percutaneous blood pump system of claim 9, wherein the processor determines a
recommended change in support by being further configured to:

determine a change in one of the calculated cardiac parameter or the heart function
parameter based on the history of previously recorded cardiac parameters and heart function
parameters;

determine a recommended alteration in the provided level of cardiac support based on the
change; and

convert the recommended alteration in provided level of cardiac support to a recommended

change in motor speed.

11. The blood pump system of claim 1, wherein the processor is further configured to
calculate a left ventricular pressure as a cardiac parameter and a cardiac power output as a heart

function parameter.

12. The blood pump system of claim 11, wherein the processor is further configured to:
record the at least one calculated cardiac parameter in the memory as a first calculated
cardiac parameter; and

record a second calculate cardiac parameter in the memory at a later time.

13. The blood pump system of claim 12, the processor further configured to:
access the first cardiac parameter and the second cardiac parameter in the memory; and
determine a recommended change to the motor speed based on a compared value of the

first cardiac parameter to the second cardiac parameter.

14. The blood pump system of claim 1, the processor further configured to:
determine, based on at least one of the calculated cardiac parameter and the heart function
parameter, a suction event at an inflow of the blood pump; and

generate a warning of a suction event for display on the user interface.

15. The percutaneous blood pump system of claim 11, wherein the processor is further

configured to:
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determine, based on at least one of the calculated cardiac parameter and the heart function
parameter, a suction event at an inflow of the blood pump; and
generate for display a warning of a suction event.

16. The percutaneous blood pump system of claim 15, wherein the processor is further
configured to:

identify, based on at least one of the calculated cardiac parameter and the heart function
parameter, a cause of the suction event; and

generate, for display, a recommendation to address the cause of the suction event.

17. The percutaneous blood pump system of claim 16, wherein the processor is further
configured to identify the cause of the suction event by being configured to:

compare a value of the calculated cardiac parameter to a threshold value, wherein the
cardiac parameter is a left ventricular pressure and the threshold is zero; and

compare a value of the left ventricular pressure over a cardiac cycle to a value of the aortic

pressure over a cardiac cycle.

18. The percutaneous blood pump system of claim 17, wherein the processor is further
configured to:
identify a diastolic suction event if a minimum value of the left ventricular pressure is less

than the threshold in a diastole phase but normal in systolic phase of the cardiac cycle.

19. The percutaneous blood pump system of claim 17, wherein the processor is further
configured to:

identify a systolic suction event if a minimum value of the left ventricular pressure is less
than the threshold in the diastolic phase, and a value of the left ventricular pressure does not exceed

a value of the aortic pressure over the cardiac cycle.
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