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USE OF OPTICAL FIBER SENSOR AS A DIAGNOSTIC TOOL IN CATHETER-
BASED MEBDICAL DEVICES

Related Applications

5 {0081] This application claims the benefit of priority to U.S. Provisional Application No.
62/734.702, filed September 21, 2018, and entitied “USE OF OPTICAL FIBER SENSOR
AS A DIAGNOSTIC TOOL IN CATHETER-BASED MEDICAL DEVICE”. The entire

contents of the foregoing application is incorporated herein by reference.

16 Background
[0002] Catheter-based medical devices can be monitored to cosure that the device is
operating normally. For example, carly and relhiable detection of a beaning failure in a blood
puiap can help prevent any sudden stop of the pump and the associated adverse effects to the
patients. Some blood pumps use the motor current as a sensing signal to monitor pump

15 performance. But motor current does not always capture the early signs of bearing failure
and can be affected by other factors.
{0003] Blood pumps can be integrated with a fiber optic pressure sensor to monitor the
placement of the pump n the vasculature of a patient. In addition to monitoring the pressure
signal, the fiber optic sensor can be used to monitoring stress/strain, temperature, and

20 vibration. For example, as described in U.S. Patent No. 9,669,144, the fiber optic sensor can
be used to monitor kinks in the catheter. But optical fiber sensors have not been adopted to

detect ongomg operational characteristics of catheter-based medical devices.

Summary

25 [0004] The systems, methods, and devices described herein provide for using an optical
fiber sensor as a diagnostic tool to evaluate the performance and status, and vltimately detect
potential fathire, of a catheter-based medical device. Adaptations of the systems may nclude
an optical sensor and an optical fiber connecting the sensor to a monttor or other signal
processing device configured to receive input signals from the sensor and determine

30 characteristics of the medical device. In some implementations, the tool 18 used to detect a
mechanical failure of a blood pump. Embodiments are disclosed for a blood pump system
mncluding an optical sensor configured to detect an optical signal during pumping operation of
the blood pump, and an optical fiber configured to transnut the optical signal from the optical

fiber sensor to an evaluation device communicatively coupled to the optical fiber sensor. The
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sensor is positioned near the pump so as to detect perturbations in the blood caused by
pumping action of the pump and which changes or deforms the optical sensor head. The
sensor head deforms based on the pressure of the blood pressing against the sensor head.
When the sensor head 1s deformed, light bounces around nto the sensor fiber and 15 picked
up by the evaluation device. This reflected light 1s compared to a reference or baseline signal
and a pressure signal 1s extracted from the comparison. Using the reflected light, the sensor
can also detect perturbations in the blood caused by vibrations in the pump housing, the rotor,
the motor, or the cannula that is included in the pump svstem. In some adaptations, the
sensor is attached to the pump housing or placed adjacent to the pump housing, or placed
near the purap motor (in the case of an implanted motor). The evaluation device may be
configured to receive as inputs the transmitted optical signal and a signal mdicative of pump
motor current and determine a mechanical failare event associated with the pump based on
the motor current and the optical signal.

{0063} The tool may be used in combination with one or more other parameters, for
example motor current readings and other sensor readings such as placement signal and
flowrate, for enhanced detection. In a first implementation, the tool is implemented in a
blood pump system including a catheter having proximal and distal ends, a blood pump
having a motor coupled to the catheter, an optical sensor configured to detect an optical
signal during pumping operation of the blood pump, and an optical fiber extending through
the catheter and configured to transmit the optical signal from the optical sensor to an
evaluation device comnmunicatively coupled to the optical sensor. The optical scusor is
positioned at or near the pump so as 1o detect perturbations in the blood resulting from the
pumping action of the pump. The evaluation device is configured to receive the input signal
and determine whether a mechanical failure event associated with the blood pump has
occurred. In certain implementation, that deternunation is made based on the input optical
signal and a motor current of the blood pump motor. If the pump stops pumping or
encounters resistance during operation, the optical signal {and the noise associated with it)
will change becausce of the change in vibrations of the motor, the pump, or pump components
or the cannula, and that change can be detected by the evaluation device. The evaluation
device can be configured to receive as inputs the transmitied optical signal and a signal
mdicative of the motor current, calculate a signal to noise ratio (SNR) of the optical signal,
receive a predetermined threshold for SNR, compare the calculated SNR to the
predetermined threshold, and determine a mechanical failure event associated with the blood

pump, pump components, cannula or pump motor.
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{8086} Changes in the SNR mayv be indicative of problems with the pump. The SNRis
correlated to the vibrations of the blood pump, or vibrations of components of the system,
such as the cannula or the motor {as used herein, the vibrations of the pump refer generally to
mechanical vibrations of the implanted device, including the pump, its components, or the
5 cannula, or a motor, that occur when the device 1s operating in vivo}, When the motor 1s
stopped, the purap also stops and, accordingly, the motor current is zero and the vibrations
arc at a miuiowm. During this state, the SNR is relatively large because the noise level of the
optical signal is low due to low mechanical vibration of the pump. In normal conditions,
when the motor is running, the motor current is greater than zero and the vibration of the
10 pump increases. During this state, the SNR is relatively low because the noise level of the
optical signal 1s large. A mechanical failure event may occur that causes the pump to jam,
slow or stop altogether. In such a state, the failure may be detected when, over a time period,
the motor current 1s greater than zero {indicating that the motor is driving current) but the
SNR increases, for example the calculated SNR increases during the time period until
15 exceeds a predetermuned threshold. Having a motor current greater than zero indicates that
the motor 1s operating as if the pump were performing normally, yet an increase in SNR
indicates that the pump is experiencing more vibrations, which could indicate that the pump
1s failing even as it continues to pump {¢.g., the bearings could be wearing down).
{30607} The evaluation device may be configured to generate and oufput, in response (o
20 determining the mechanical fatlure event, an indicator associated with the mechanical failure
event.
{6068} In some implementations, the evaluation device is configured to determine the
threshold based on a baseline SNR. The threshold may be the SNR (or an average) during
normal pump steady state operation. In some implementations, the determined threshold is
25 double a magnitude of the baseline SNR, or at least 3x or 10x or greater.
{3609] In certain implementations, the evaluation device is configared to determine a
pressure signal based on the transmitted optical signal and use that signal to assess pump
performance. For cxample, the evaluation device may be configured to determine the
mechanical failure event based on the calculated SNR, the motor current, and the determuned
30 pressure signal.
{6618} The optical fiber is placed so as to receive a detectable signal that can readily be used
for assessing device performance. In some implementations, the optical fiber sensor is
attached to the pump housing, or to the catheter or cannula near the motor, but positioned so

that it contacts blood flowing from the pump (or past the motor). According to certain
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implementations, the optical fiber sensor is located at the distal end of the catheter. In some
implementations, the diagnostic tool includes a second optical fiber sensor that detects a
second optical signal and a second optical fiber that transmits the second optical signal to the
evaluation device. The second optical signal may be placed for example near the distal end
5 ofthe pomp (e.g., near pump inlet openings) to detect changes in the SNR of a pumping
cadence associated with the distal end of the pump. Such signals may also be used to
determine the mechanical failure event.
{6611} The time period for montoring pump performance (and particularly the SNR and the
motor current) can be adjusted by the user for short or long term monitoring. In some
10 implementations, the time period is set between about | to about 5 minutes. According to
certain implementations, the time perniod 1s between about 5 to about 10 minutes, or up to 6
houss, up to 24 hours or up to a week or longer.
{8612} The present disclosure also contemplates various methods, for example, it provides a
method of determining a mechanical failure cvent of a blood pump during operation of the
15 pump. The method comprises determuning a motor current of a motor that drives the blood
pump. The method also comprises detecting an optical signal at the blood pump during pump
operation and transmitting the optical signal. using an optical fiber, from the optical sensor
{e.g., placed near the pump housing or pump rotor) to an evaluation device. Fusther, the
method comprises calculating, at the evaluation device, a signal to noise ratio (SNR) based on
20 the transmitted optical signal. The method further comprises determining a mechanical
fatlure event associated with the blood pump motor based on the caleulated SNKR and the
determined motor current. Changes in the SNR may be indicative of problems (e.g.,
mechanical stresses that may lead to device failure} with the pump. In some configurations, a
mechanical failure event is triggered when, over a time period, the motor current is greater
25 than zero and an mcerease in the calculated SNR in the time period exceeds a predeternuned
threshold.
{0013} 1o some implementations, the method further comprises, in response to determining
the mechanical failure event, generating and outputting a signal indicative of the mechanical
fatlure event. For example, the signal indicative of the mechamcal faikure event may be
30 transmutted to a processing system and displaved as an auditory alarm, a visual alarm, or
both.
{0014} In certain implementations, the method tfurther comprises deternuning the threshold

based on a baseline SNR that occurs, for example, dunng normal operation of the pump.
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According to some implementations, the determined threshold is double a magnitude of the
baseling SNR.

{6015} In some implementations, the method further comprises determining a pressure
signal based on the transmitted optical signal. In cerfain implementations, the method further

5 comprises determining the mechanical failure event based on the calculated SNR, the

determined motor current, and the determined pressure signal.

{6616} In certain implementations, the optical fiber sensor is coupled to the motor.
According to some implementations, an optical fiber sensor is located at the distal end of the
catheter.

10 {0617] In some implementations, the time period is between about 1 to about 5 munutes.
According to certain implementations, the time period is between about 5 to about 10
minuies.

{3618} According to a further implementation of the present disclosure, there is provided a
method for operating a catheter-based blood pump system driven by a motor, the blood pump

15 system comprising an inlet cannula and a pump having a rotor in a shroud. The method
comprises actuating a rotor of the pump by sending electrical current to the rotor from the
maotor. The method further comprises detecting electrical current flowing to and from the
motor. The method further comprises detecting a vibration of a component of the pump, or
the canmula, motor or other system component. The method may farther comprise adjusting

20 the electrical current to the motor based on the detected vibration. In some implementations,
the detected vibration is indicative of a bearing failure in the pumyp rotor or motor. In other
implementations, detecting vibration includes detecting an optical signal from an optical
sensor positioned on or near at least one of the shroud, the cannula, and the motor. In certain
implementations, the method further comprises identifving a fathure of the pump rotor by

25 detecting a change n vibration of a system component {¢.g., the pump or cannula) during a
period when the electrical current to the motor is positive.

{06019] The systems and methods can apply to blood pump systems that have various pumyp
configurations. For example, it can apply to pumps with onboard motors (¢.g., the Iapella
systems) that have a motor coupled to the pump rotor and catheter, and to pumps that are

30 external motors and a drive cable (e.g., the Hemopump stvle pump to convert torque supplied

by the external motor).

Brief Description of the Drawings
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{8028} The foregoing and other objects and advantages will be apparent upon consideration
of the following detailed description, taken in conjunction with the accompanying drawings,
in which like reference characters refer to like parts throughout, and in which:

{6021} FIG. 1 shows an isometric view of an illustrative blood pumyp laid through the aorta,
which extends through the aortic valve into the feft ventricle and has one or more integrated
optical fiber sensors;

{6622} FIG. 2 shows a cross-sectional view of the optical fiber sensor of FIG. 1 having an
optical fiber;

{6623} FIG. 3 shows an iHustrative graph of continuous logging of the motor current of the
blood pump of FIG. 1 and a calculated signal to noise ratio based on a signal trom an optical
fiber sensor of FIGS. 1 and 2;

{08024] FIG. 4 shows an illustrative graph of continuous logging of a calculated SNR based
on a signal from the optical fiber sensor of FIG. 2;

{0028} FIGS. SA-C shows an tllustrative graph of continuous logging of the placement
signal and motor current of the blood pump of FIG. |, and a calculated SNR based on a signal
from the optical fiber sensor of FIGS. 1 and 2;

{0026} FIG. 6 shows an illustrative method for determining a mechanical fatlure event
associated with the blood pump of FIG. 1,

{00277 FIG. 7 shows an tlustrative method for generating and outputiing an indicator
assoctated with the determined mechanical fatlure event of FIG. 6 and the blood pump of
FIG. 1;

{6628} FIG. 8 shows seven illustrative graphs representing data collected from a blood
pump system; and

{6629} FIG. 9 shows seven illustrative graphs representing data collected from a blood

pump system during a period of time after that shown m FIG. 8.

Detailed Description

{0030} To provide an overall understanding of the systems, method, and devices described
herein, certain iflustrative embodiments will be described. The systems, methods, and
devices described herein provide for using an optical fiber sensor as a diagnostic tool to
evaluate the performance and status of a catheter-based medical device. An evaluation
device is used to calculate a signal to noise ratio (SNR) of an optical signal from the optical
fiber sensor. The SNR can be used to determine the magnitude of the mechanical vibrations

of the medical device, for example an mtra cardiac blood pump. In instances of higher
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vibration, the SNR is much lower compared to mstances of lower vibration. Additionally,
while the medical device is nunning, a rise in the SNR signal coincides with the medical
device experiencing a mechanical failure event. For example, an instantancous spike on the
SNR signal of a blood pump may coincide with a pump bearing failure. Conversely, ina
static condition with no vibrations, no instantaneous shift is observed.

{6631} Using the SNR of the optical fiber sensor {either alone or in combination with other
operational parameters) can facilitate earlier and more reliable detection of mechanical fatlure
events and instability. Early and reliable detection of a mechanical failure m a blood pump
can help prevent sudden and harmful stops of the pump and the associated adverse effects to
the patients. The SNR of the optical fiber sensor can also help to deternune device location
within the body. Proper placement of the device within the body 1s important for optimal
performance. Another advantage of using the SNR of the optical fiber sensor is that it can be
used to detect vibration and assess device performance, stability, and temperature.

{06032} FIG. 1 shows an intracardiac blood pump having a catheter 10 which is mtroduced
into the descending aonia 11 retrograde. The descending aorta 11 is part of the aorta 12
which first ascends from the heart and then descends and has the aortic arch 14, Atthe
beginning of the aorta 12 the aortic valve 15 connects the left ventricle 16 to the aorta 12, and
the intracardiac blood pump extends through aortic valve 15, The blood pump comprises in
addition to the catheter 10 a rotary pumping device 50 fastened at the distal end of the
catheter hose 20. The pumping device 50 has a motor section 31 that couples to the catheter
and a pump section 32 disposed distally from the motor section 31, as well as a flow cannula
53 protruding in the distal direction from the pump section 52, The pump section has a rotor
within a shroud. The cannula has a distal inlet 54 and a proximal cutlet, located proximal of
the rotor. The motor speed of the rotary pumping device 50 depends on a motor current that
drives the rotary pumping device 50. Distally of the suction inlet 54 there is provided a soft-
flexable tip S5, configured for example as a “pigtail”.

{6033} Various fluid, clectrical and other lines extend through the catheter hose 20 for
operating the pumping device 50, Ofthese, FIG. 1 shows a configuration having two optical
fibers 28 and 29 which are attached at their proximal end to an evaluation device 100. These
optical fibers 28 and 29 are respectively part of an optical pressure sensor whose sensor heads
60 and 30 are located outside of the housing of the pump section 52, on the one hand, and on
the outside on the suction inlet 54, on the other hand. The sensor head 60 1s n contact with
blood flowing into the aorta and 1s thus able to detect optical signals within the blood flowing

in the aoita (to measure aortic pressure and detect purap vibration). Sensor head 30 (when
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used) is positioned near the distal end of the pump within the left ventricle, so it contacts
blood within the left veniricle to measure left ventricular pressure {and also detect pump or
cannula vibration). Optical signal measurements are performed, for example, by transmitting
a pulse {or continuous flow) of light into the blood stream and receiving a return pulse
formung an optical sensor signal that can be returned to the evaluation device for processing.
The retum pulse is a reflection of the original pulse that is coupled back into the sensor head
due to the deformation of the glass membrane of the sensor heads 30 and 60, as described
further below. The optical signals from the sensor heads are transmitted to the evaluation
device 100, which converts them into electrical signals and transmits and displays themon a
display screen 101, Although two sensors are shown, the system may be configured for use
with onlv one. As discussed further below, sensor head 60 is near the pump housing and
motor section 51 where vibrations would be the largest, so sensor head 60 may be better
suited than sensor 30 to detect a mechanical faiture event. But sensor 30 can also be used to
detect changes in the cadence of cannula motion during pump that may also be indicative of
pump fatlure. The motor current of the rotary pumping device 50 1s also transmitied to the
evaluation device 100 through electrical leads within the catheter and can be displayed on
display screen 101

{0034] The sensors can provide various beneficial information. With a sensor head 60 (and
optionally another sensor, such as sensor 30) positioned mside the patient, the system can
measure the aortic pressure. If other sensors are used, other pressures may also be detected,
such as the ventricular pressure by the sensor head 30. The pressure measurements can also
provide contractility measurements for tracking the recovery of the heart. Contractility
represents the mherent ability of the heart muscle to contract. The pressure signals also can
be evaluated to identify a pressure difference which can be used for computing the flow of
blood through the cannula of the pumping device 50. The ventricular pressure and the
volume of blood flow during a heartbeat can be used to determine contractility. The distal
sensor head 30 can also extend into the soft-flexible tip 55, being positioned, for example, so
the head protrudes from the tip, for detecting ventricular pressure. By detecting veatricular
pressure with sensor head 30 the clinician can detect when the pump has crossed the aortic
valve. Moreover, the sensor is sensitive enough to detect slight bending of the tip 55 wiuch
can guide the clinician to more efficiently push the pump across the valve. When the pump is
located near the cardiac wall, as in FIG. 1, the sensor can also detect excessive pressure on

the cardiac wall as a result of bending or kinking, as for example, caused by the inlet sucking
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the mitral valve and chordae inside the ventricle. Detection of this state allows the user to
rotate or withdraw the pump.
{6035} Electro-optical pressure measurement is further tllustrated in FIG. 2. FIG. 2 shows a
pressure-measuring catheter 26 having a lamen 27 in which an optical fiber 29 {and
5 optionally 28} is freely movable. The catheter 26 can preferably be made of nitinol or
another shape-memory alloy or a polymer hose. As shown in Fig. 1, the catheter 26 exits
from the catheter hose 20 at an exit point 57 and 1s guided along the flexible flow cannula 33
{¢.g., on the outside). At the distal end 34 of the optical fiber 29 (or 28) the pressure-
measuring catheter has a sensor head {(such as 30 or 60) having a head housing 31 which
10 contains a thin glass membrane 32 abutting a cavity 33. The light impacts the glass
membrane 32 and passes into and out of the fiber 28 (or 29) in a low-loss manner {i.¢., low
attenruation loss over the length of the fiber). The glass membrane 32 is pressure-sensitive
and is deformed according to the magnitade of the pressure acting on the sensor head 30 {or
60). The deformation of the glass membrane 32 causcs the light to be reflected and coupled
15 back into the optical fiber 28 (or 29). At the proximal end of the optical fiber 28 {or 29}, i.c.
in the evaluation device 100, a digital camera, ¢.g. a CCD camera or a CMOS, receives the
mncoming light and generates a pressurc~-dependent electrical signal. For example, the camera
may receive the incoming light and gencrate an optical image or optical pattern and transmit
that image or pattern to a signal processor in the evaluation device, which 1s configured to
20 receive the image or pattern as an input and use it to compute a pressure signal. In some
embodiments, the signal processor is configured to use the computed pressure sigoal to
control the power supply to the motor-operated pumping device 50, For example, if the
computed pressure signal is low, the signal processor increases the power supply to the
motor-operated pumping device 50. If the computed pressure signal is high, the signal
25 processor decreases the power supply to the motor-operated pumping device 50
[3036] Asnoted above, the distal sensor head 30 extends into the soft-flexible tip 55, for
detecting the ventricular pressure at the tip 55 of the pump. As shown, the head 60 is
positioned proximal of the pump and remains m the aorta, for detecting aortic pressure. Its
signal is detected and transmitted to the evaluation device 100, The signals from heads 30
30 and 60 can be compared at the evaluation device 100 and used to compute a differential
pressure signal/measurement, which is used for pump placement and monitoring. The
differential signal or measurement can also be used in combination with motor current and
other parameters for monttoring pump placement and performance, as discussed herein.

Muoreover, this enables the bending of the tip 55 to be detected very sensitively, which makes
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a simpler valve crossing possible. When the pump is located near the wall, as in FIG. 1, an
excessive pressure on the cardiac wall as a result of the bending or kinking can moreover be
detected. The latter can also lead to the inlet sucking on cardiac structures. Detection of this
state can be revised by the user by rotating or withdrawing the punp.
5 {B8637] The distal sensor head 60 and optical fiber 28B can be used to detect a mechanical
failure event at the motor section 51 of the rotary pumping device 50. The optical signal that
1s transmitted from the distal sensor head 60 to the evaluation device 100 using optical fiber
288 can be used by the evaluation device 100 to calculate the SNR of the optical signal. The
SNR is correlated to the mechanical vibrations of the rotary pumping device 50. When the
10 rotary pumping device 50 is stopped, the mechanical vibrations of the rotary pumping device
50 are at a minmimum. During this state, the SNR is relatively large because the noise level of
the optical signal is low. When the rotary pumping device 30 is running, the mechanical
vibration of the rotary pumping device 50 increases. During normal operation, the SNR is
relatively low because the noise level of the optical signal is large, and the motor current is
15 greater than zero (because the motor is driving current to the pump}. The SNR when the
rotary pumping device 30 is running in that normal condition can be considered a baseline
SNR, and can be used to determine a threshold SNR for detecting changes in the SNR that
may signal a mechanical faiture event. During a mechanical faiture event, the SNR may
mncrease over a short period of time when the speed of the rotary pumping device 50

20 decreases, for example due to a beanng failure or partial jamming of the rotor, but the motor
current is positive indicating that the motor is still working.
{6638} Increases in SNR above the baseline (or other threshold) can be detected and
assessed for evaluating pump performance. In some applications, the evaluation device 100
determines whether a mechanical failure event has occurred by determining whether an

25 ncrease 1o the SNR n a time period exceeds the threshold during a period of time (orat a

point in time} when the pump is operating {indicated for example by the motor current being
positive). The evaluation device 100 would be configured with the threshold based on the
bascline SNR prior to the mechanical failure event. For example, the threshold can be set as
a factor {e.g., one-gquarter, one-third, one-half, or double} of a magnitude of the baseline SNR.
30 Other threshold valoes can be used by the evaluation device 100 to determine a mechanical
failure event. Altematively, the evaluation device 100 can recetve an input from a user
indicating the threshold for assessing changes in the SNR. The time period during which the
SNR is evaluated can be any period of time desired. For example, the mput time period can

be one minute, between about one to about five minutes, between about five to about ten
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minutes, or between about ten minates to about 20 minutes. Other time periods can be used
by the evalvation device 100 to determine a mechanical failure event. H the evaluation
device 100 determines that a mechanical failure event has occurred, e.g., if the SNR exceeds
the threshold during the evalnation time period while the motor current remains positive, the
gvaluation device 100 can generate and output an indicator associated with the mechanical
failure event. The indicator can be displaved on display screen 101

{6639} FIG. 3 shows an illustrative graph 300 of continuous logging of the motor current of
the rotary pumping device 50 of FIG. 1 and a calculated SNR based on a signal from an
optical fiber sensor of FIGS. | and 2 over a period of days. Graph 300 includes motor current
302 and SNR 304, The motor current 302 of the rotary pumping device 50 is transmitted to
the evaluation device 100 over a penod of days and is greater than zero when the rotary
pumping device 50 is running, and is zero when the motor is stopped. The baseline SNR
would be the SNR when the rotary pumping device 50 is running because the SNR ig
relatively low. During a bearing failurc event 306, the SNR 304 increases over a short time
period {e.g., munutes n the example of FIG. 3) from the baseline SNR. For example, as
shown 1n Fig. 3, the SNR 304 increases from the baseline SNR of approximately 3500 to an
SNR 304 of 5500. The SNR increases over this short period of time because the speed of the
rotary pumping device 50 has decreased due to a bearing fatlure, and accordingly the
vibrations of the pump would slow. In this example, the increase in SNR over the short time
period is approximately 2000, The evaluation device 100 determines a threshold SNR for
detecting a bearing failure event 306. For example, the evaluation device 1090 can deternmuine
the threshold based on the baseline SNR because the baseline SNR is the SNR during normal
operation of the pump. A large deviation from the SNR during pump operation indicates the
bearing failure event; it could also indicate other failures of the pump. The evaluation device
100 can deternune that the threshold is a fixed and/or predeternuined amount of the baseline
SNR. Forexample, as shown in Fig. 3, the evaloation device 100 can determine that the
threshold is one-half of the baseline SNR (35003, or 1750. The evaluation device 100
determines that a bearing failure event 306 occurred because the motor current 15 greater than
zero {the rotary pumping device 50 is ranming} and the increase n the SNR over the short
time period (2000) is greater than the threshold (1750). At least one advantage of using the
SNR 304 of the optical fiber sensor in combination with the motor current 302 is that it
allows for earlier and more reliable detection of the pump fatlure event 306 (for exarple the
bearing failure, which is otherwise hard to detect). Unlike previous generations of blood

puraps, the systems and methods of this disclosure contemplate using optical sensors to
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assess pump performance by detecting signals from the optical fiber sensor such as SNR 304,
The sensors may also be used to monitor the placement of the pump in the vasculature.
[6040] FIG. 4 shows an illustrative graph 400 of continuous logging of calculated SNRs
based on a signal from an optical fiber sensor of F1G. 2 over a period of over amonth. Graph
5 400 includes first SNR 402 and second SNR 404, First SNR 402 and second SNR 404 are

cach obtained from evaluation device 100 at different points in time and compared in graph
400. During normal operation over a period of days, first SNR 402 and second SNR 404 do
not increase over a short period of time. In order to simulate bearing failure events 406, the
power delivered to the blood pumps was tumed off. During a beanng failure event 406, first

10 SNR 402 and second SNR 404 merease over a short period of time due to tosses of power.
The losses of power decrease the speed of the rotary pumping device 50 such that 1t results in
a decrease in vibrations. The decrease in vibrations simulates a bearing failure event 406, Ag
described in relation to FIG. 3, the evalvation device 100 can determine that a bearing fatlure
event 406 occurred based on the first SNR 402 and the second SNR 404, FIG. 4 illustrates

15 the rehability of using SNR signals as an indicator of bearing failure because there are few, if
any, false positives.
{0041} Alternatively, the evaluation device 100 can use the placement signal, the motor
current, and the SNR to determine whether a mechanical fatlure event has occurred. The
placement signal 1s caleulated by the evaluation device 100 from the transmitted optical

20 signal of sensor head 60 and indicates a pressure. The placement signal can be used in
combination with the process described above i relation to FIGS. 3 and 4 to determine
mechanical failure events. For example, FIGS. 5A-C shows three iltustrative graphs of
continuous logging of the placement signal and motor current of the rotary pumping device
50 of FIG. 1, and a calculated SNR based on a signal from the optical fiber sensor of FIGS. 1

25 and 2. As shown in each of the three graphs of FIG. SA-C, when the placement signal s
stable, the evaluation deviee can determine a decrease in SNR as the motor speed is
increased, because the mechanical vibrations of the rotary pumping device 30 increase with
mcreasing motor speed. The evaluation device 100 would identify a mechanical failure event
if the placement signal s stable, the motor speed/current is stable, and the SNR increases

30 over ashort period of time. For example, the SNR increase can be instantaneoons. In some
examples, the SNR increase can occur over a time period between about 100 milliseconds to
about 1 second or between about 1 sccond to about 10 seconds. In other cxamples, the SNR
merease can oceur over a time period between about one to about five minutes or between

about five to about ten minutes. Using SNR in combination with the placement signal and
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motor current is advantageous because the placement signal provides more information with
respect to the location of the pump in the body of the patient.
[6042] FIG. 6 shows a process 600 of deternuning a mechanical failure event associated
with the blood pump 50 of FIG. 1. At step 602, the evaluation device 100 determines a motor
5 carrent of a motor that drives a blood pamp. For example, as mentioned above in relation to
FIGS. T and 2, the motor current of the rotary pumping device 30 is transmitied to the
evaluation device 100 and can be displaved on display screen 101,
{8043} At step 604, the evaluation device 100 deternmunes whether the motor current is
greater than zero. For example, the motor current is zero if the rotary pumping device 50 is
10 stopped, and the motor current is greater than zero if the rotary pumping device 50 is running.
If the motor current s zero, process 600 ends at step 606. However, if the motor current is
greater than zero, process 600 proceeds to step 608.
{3644] At step 608, the evaluation device 100 detects an optical signal at the blood pump.
For cxample, as mentioned above in relation to FIGS. 1 and 2, the glass membrane 32 is
15 pressure-sensitive and is deformed m response to the amount of pressure acting on the sensor
head 60 (or 30). For example, the deformation of the glass membrane 32 cauvses the light to
be reflected and coupled back into the optical fiber 28 (or 29).
[0045] At step 610, optical fiber 28 transmits the optical signal from the optical fiber sensor
to an evaluation device. For example, as mentioned above in relation to FIGS. 1 and 2, the
20 optical signals transmitted by the sensor heads 30 and 60 can be converted into electrical
signals in the evaluation device 100 and displayed ¢.g. on a display screen 101,
[6046] At step 612, the evaluation device 100 calculates an SNR based on the transnutied
optical signal. For example, the optical signal that is transmitted from the distal sensor head
60 to the evaluation device 100 using optical fiber 28 can be used by the evaluation device
25 100 to calculate the SNR of the optical signal. The SNR is linked to the mechanical
vibrations of the rotary pumping device 50, When the rotary pumping device 50 is stopped,
the motor current is zero and the mechanical vibrations of the rotary pumping device 50 are at
aminimum. During this state, the SNR is relatively large because the noise level of the
optical signal is low. When the rotary pumping device 50 1s runnming, the motor current is
30 greater than zero and the mechanical vibration of the rotary pamping device 30 increases.
During this state, the SNR is relatively low because the noise level of the optical signal 1s
large.
{0047} At step 614, the evaluation device 00 determines a mechanical faihure event

associated with the blood pump motor based on the calculated SNR. As mentioned above in
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relation to FIGS. 1 and 2, when the rotary pumping device 50 is stopped, the mechanical
vibrations of the rotary pumping device 50 are at a minimum. Buring this state, the SNR is
relatively large because the noise level of the optical signal 1s low. When the rotary pumping
device 50 is ranning, the motor current is greater than zero and the mechanical vibrations of

5 the rotary pumping device 50 increase. A rapid rise in SNR from the baseline (e.g., when the

pump is operating normally) signals a mechanical problem with the pump. For example,
during a failure state, the SNR is relatively low because the noise level of the optical signal is
large but the motor current 1s greater than zero indicating that the motor is driving the pump
with current but the pump is not pumping {or is slowing). The evaluation device 100

10 determines a threshold SNR for detecting a mechanical failure event. In one aspect, the
evaluation device can receive the threshold SNR from a user mput. Alternatively, the SNR
when the rotary pumping device 50 is running can be considered a baseline SNR, and can be
used to determine the threshold SNR for detecting a mechanical failure event. During a
mechanical failure event, the SNR increases over a short period of time because the speed of

15 the rotary pumping device 50 has decreased, for example, duve to a bearing faslure. Step 614
is described in greater detail below, in relation to process 700 of FIG. 7.

{0048} FIG. 7 shows a process 700 of generating and outputting an indicator associated with
the determined mechanical faiture event of process 600 and the blood pump of FIG. 1. At
step 702, the evaluation device 100 receives as inputs the transmitted optical signal and a

20 signal mndicative of the motor current. For example, as mentioned above in relation to FIGS.
1 and 2, the motor current of the rotary pumping device 50 is transmitted to the evaluation
device 100 and can be displaved on displav screen 101 and the optical signals transmutted by
one or both of the sensor heads 30 and 60 can be converted into electrical signals in the
evaluation device 100 and displayed ¢.g. on a display screen 101,

25 [BB48] At step 704, the evaluation device 00 determines whether the motor current is
greater than zero. For example, the motor current is zero if the rotary pumping device 50 18
stopped, and the motor carrent is greater than zero if the rotary pumping device 50 is running.
If the motor current is zero, process 700 ends at step 706. However, it the motor current is
greater than zero, process 700 proceeds to step 708. When the rotary pumping device 50 is

30 stopped (or slows}), the mechanical vibrations of the rotary pumping device 50 are slow and
reach a mintmum when the pump stops. During the pump-stopped state, the SNR is
relatively large because the notse level of the optical signal is low. When the rotary pumping

device 50 is ranning, the motor current is greater than zero and the mechanical vibration of
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the rotary pumping device SO increases. During this state, during normal pump operation, the
SNR s relatively low because the noise level of the optical signal is large.

{0050} But during pump failure or malfunctioning, the SNR changes, which the following
steps help identify. At step 708, the evaluation device 100 calculates an SNK based on the

5 transmitted optical signal. For example, the optical signal that is transnutted from the

proximal sensor head 60 to the evaluation device 100 using optical fiber 28 can be used by
the evaluation device 100 to calculate the SNR of the optical signal. The SNR 1s correlated to
the mechanical vibrations of the rotary pumping device 50.

{8651} At step 710, the evaluation device 100 receives a predetermined threshold for the

16 SNR. Forexample, the SNK when the rotary pumping device 50 is munning can be
considered a baseline SNR, and can be used to determine a threshold SNR for detecting a
mechanical failure event. The evaluation device 100 can determine the threshold based on
the baseline SNR prior to the mechanical failure event. For example, the threshold can be a
factor {c.g., onc-quarter, onc-half, or double) of a magnitude of the bascline SNR.

15 0652} Atsteps 712 and 714, the evaluation device 100 compares the calculated SNR to the
predetermined threshold over a time penod and determines whether an increase in the
calculated SNR in the time period exceeds the predetermined threshold. For exarmple, during
a mechanical fatlure event, the SNR ncreases over a short period of time because the speed
of the rotary pumping device 50 has decreased due to a fathure of a pump component {such as

20 abearing failure}. The evaluation device 100 can determine whether a mechanical faihure
event has occurred by determining whether an increase in the SNR in a time period oxceeds
the threshold. The time period can be any period of time established by a user. For example,
the period of time can be greater than one minute. In other examples, the time period can be
between about one to about five mimutes or between about five to about ten minutes. As

25 illustrated in refation to FIG. 3, the evaluation device 100 can determine that a fatlure event
306 occurred because the motor current is greater than zero (the rotary pumping device 50 is
running) and the increase in the SNR over the short time pertod (2000} is greater than the
threshold (1750).

[6653] 1f the evaluation device 100 deternunes that the increase in the calculated SNR in the

30 tme period does not exceed the predetermined threshold, process 700 ends at step 716.
However, if the evaluation device 100 determines thai the increase in the calculated SNR in
the time period does exceed the predetermined threshold, process 700 continucs to step 718.
[0054] At step 718, the evaluation device 00 generates and outputs an indicator associated

with a mechanical failure event. For example, if the evaluation device 100 determines that a
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mechanical fatlure event has occurred, the evaluation device 100 can gencerate and output an
mdicator associated with the mechanical failure event. The mndicator can be displayed on
display screen 101, The device 100 can also send a control signal to shut oft the motor, in
response to the determination.

{B0655] FIGS. 8-9 show data collected from a blood pump system with a mechanical failure.
FIG. 8 shows seven illustrative graphs representing data collected from the blood pump
systent. Graph 804 shows SNR (unitless) of an optical sensor, graph 806 shows raw purge
flow (ml/hr), graph 808 shows placement signal (mmHg), graph 810 shows motor current
{mA)}, graph 812 shows motor speed {rpm), graph 814 shows pump flow (L/min), and graph
816 shows alarm occurrence (alarm number). Graphs 804 through 816 are shown in the same
time scale and beginning at the same time (12:31:34 on March 7, 2019). At time 802, the
SNR {shown in graph 804) increased significantly relative to the SNR prior to time 802.
Prior {0 time 802, the average SNR was around 2500 with maximum values around 6000 and
miimum values around 1000, After time 802, the average SNR was around 5000, with
maximum values over 8000 and muumum values around 1000, At time 802, the motor
current (shown in graph 810} also increased rapidly over a short period of time, jumping from
an average value of around 760 mA with maximum values around 830 mA and minim
values around 690 mA prior to time 802, to an average value of around 850 mA with
maximum valoes over 1000 mA and minimom values around 780 mA after time 802, The
amplitude of the pump flow variance (shown in graph 814} decreased at time 802 as well,
from an average amplitude of around 1 L prior o time 802 to an average amplitude of around
0.2 L after time 802, These increases in SNR and motor current at time 802 indicate a
mechanical problem or instability in the blood pump system - a problem corresponding in
time to a bearing failure that later led to a motor failure as shown in FIG. 9 and described
below.

{3636} FIG. 91s a continuation of the graphs shown in FIG. 8 (beginning at 14:52:57 on
March 7, 2019, where the x-axis of the graphs shown in FIG. 8 ended). Graph 904 shows a
continuation of the SNR of graph 804, graph 906 shows a continuation of the raw purge flow
signal of graph 806, graph 908 shows a continuation of the placement signal of graph 808,
graph 910 shows a continuation of the motor current signal of graph 810, graph 912 shows a
continuation of the motor speed signal of graph 812, graph 914 shows a continuation of the
pump flow signal of graph 814, and graph 916 shows a continuation of the alarm occurrence
signal of graph 816, At time 902, the motor in the blood pump system failed. As can be seen

in F1G. 9, when the motor failed {after the bearing fatlure at time 802), the SNR increased,
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the placement signal decreased, the motor current decreased to approximately zero mA, the
motor stopped running (the motor speed became zero rpm), the pump flow stopped, and an
alamm (shown in graph 916) was triggered. The increases in SNR and motor current at tume
802 were indicative of mechanical problems in the blood pump system approximately one

5 hour prior to the motor failure at time 902, At least one benefit of dentifying creases in
SNR and motor current {¢.g., at time 802) is earlier and more reliable detection of mechanical
problems and nstability in the blood pump system. In some implementations, such an
merease in SNR, motor current, or both may trigger an alarm, a motor shutdown, or prompt a
user to remove (and, in some cases, replace) the blood pump system before the motor fails.

10 {0057] In view of the foregoing, the person of ordinary skill will appreciate that the present
disclosure provides for using an optical fiber sensor as a diagnostic tool to evaluate the
performance and status of a catheter-based medical device. Although the embodiments and
featares described herein are specifically described for use in connection with a percutaneous
heart pump system, it will be understood that the components and other features outlined

15 below may be combined with one another in any suitable manner and may be adapted and
applied to other types of medical devices such as electrophysiology study and catheter
ablation devices, angioplasty and stenting devices, angiographic catheters, peripherally
mserted central catheters, central venous catheters, midline catheters, peripheral catheters,
wferior vena cava filiers, abdominal aortic aneurvsm therapy devices, thrombectomy devices,

20 TAVR delivery systems, cardiac therapy and cardiac assist devices, including balloon pumps,
cardiac assist devices implanted using a surgical incision, and any other venous or arterial
based endolummal introduced catheters and devices.

{6058} The foregoing is merely illustrative of the principles of the disclosure, and the
systerns, methods, and devices can be practiced by other than the described embodiments,

25 whach are presented for purposes of illustration and not of limitation. It is to be understood
that the systems, methods, and devices disclosed heretn, while shown for use in a system
percutancous heart pumps, may be applied to systems, methods, and devices for other
implantable heart pumps or implantable cardiac assist devices.

{8659} Vanations and modifications will occur to those of skill in the art after reviewing the

30 present disclosure. The various features described or iflustrated above, including any
components thereof, may be combined or integrated in other systems. Moreover, certain
features may be omitted or not implemented. The various implementations described or

Hlustrated above may be combined in any manver.
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{8066} 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 m their entirety and made

part of this application.
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What is claimed is:

1. A blood pump system, the system comprising:
a catheter having proximal and distal ends;
5 a blood pump having a motor coupled to the catheter, wherein the motor has a motor
current;
an optical fiber sensor configured to detect an optical signal during pumping operation
of the blood pump;
an optical fiber configured to transmit the optical signal from the optical fiber sensor
10 to an evaluation device commnucatively coupled to the optical fiber sensor,
wherein the evaluation device is configured to:
receive as inputs the transmitted optical signal and a signal indicative of the
motor cuirent,
calculate a signal to noise ratio (SNR) of the optical signal,
15 receive a predetermined threshold for SNR,
compare the calculated SNR to the predeternuned threshold, and
determine a mechanical fatlure event associated with the blood purap; and
wherein the mechanical faiture event associated with the blood pump is determined by
the evaluation device to have occurred when, over a time period:
20 {1} the motor current is greater than zero, and
{2} an increase in the calculated SNR in the time period exceeds the predetermined

threshold.

2. The blood pump system of claim |, wherein the evaluation device is configured to

generate and output, m response to determinmg the mechanical failure event, an indicator

25 associated with the mechanical failare event.
3. The blood pump svstem of any of claims 1-2, wherein the evaluation device is
configured to determine the threshold based on a baseline SNR.
4. The blood pump syvstem of claim 3, wherein the determined threshold is double a
magnitude of the baseline SNR.

305 The blood pump system of any of the preceding claims, wherein the evaluation device

is configured to determine a pressure signal based on the transmitted optical signal.
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6. The blood pump system of claim 5, wherein the evaluation device is configured to
determine the mechanical failure event based on the calculated SNR, the motor current, and

the determiined pressure signal.

7. The blood pump system of any of the preceding claims, wherein the optical fiber sensor

is coupled to the pump housing.

8. The blood pump system of any of the preceding claims, wherein the optical fiber sensor

is located at the distal end of the catheter.

9. The blood pump system of any of the preceding claims, wherein the time period is

between about 1 to about 5 minutes.

10.  The blood pump syvstem of any of claims 1-8, wherein the time period is between about

3 to about 10 minutes.

11, The blood pump system of any of the preceding claims further comprising:
a second optical fiber sensor configured to detect a second optical signal; and
a second optical fiber configured to transmit the second optical signal from the
second optical fiber sensor to the evaluation device commumnicatively coupled to the

second optical fiber sensor.

12 The blood pump system of any of the preceding claims, wherein based on the calculated
SNR the evaluation device is configured to detect vibrations in any one of the pump, motor,

and a cannula of the pump.

13, A method of determining a mechanical failure event of a blood pump, the method
comprising;

determining a motor current of a motor that is coupled to a catheter and drives the blood
pump;

ctecting an optical signal at the blood pump;

transmitting the optical signal, using an optical fiber, from the optical fiber sensor to an
evaluation device;

calculating, at the evaluation device, a signal o noise ratio {SNR) based on the
transmitted optical signal; and

determining a mechanical failure event associated with the blood pump based on the

calculated SNR and the determined motor current, wherein the mechanical failure event
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associated with the blood pump is determined by the evaluation device to have occurred when,
over a time period:

(1) the motor current is greater than zero and

(2) an increase in the calculated SNR in the time period exceeds a

predeternuned threshold.

14 The method of claim 13, wherein in response to determuning the mechanical fathure

event, generating and outputting an indicator associated with the mechanical failore event.

15, The method of claim 13, further comprising determining the threshold based on a

baseline SNR.

16, The method of claim 15, wherein the determined threshold 1s double a magnitude of
the baseling SNR.

17, The method of any of claims 13-16, further comprising determining a pressure signal

based on the transmitted optical signal.

18, The method of claim 17, further comprising determining the mechanical failure event

based on the calculated SNR, the determined motor current, and the determined pressure signal.

19, The method of any of claims 13-18, wherein the optical fiber sensor is coupled to the

motor.

20.  The method of any of claims 13-19, wherein the optical fiber sensor s located at the

distal end of the catheter.

21, The method of any of claims 13-20, wherein the tire period 1s between about 1 to about
5 minutes.
22, The method of any of claims 13-21, wherein the time period is between about § to about

10 minutes.

23. A method for operating a catheter-based blood pump system driven by a motor, the
blood pump system comprising an inlet cannula and a pump having a rotor in a shroud,
comprising the steps of!
actuating a rotor of the pump by sending clectrical current to the rotor from the motor,
detecting electrical current flowing to and from the motor,

detecting a vibration of a component of the pump, and

-21-



10

WO 2020/061399 PCT/US2019/052063

1846265-0017-206-WO1

adpusting the clectrical current to the motor based on the detected vibration.

24, The method of claim 22, wherein the detected vibration 1s indicative of a bearing failure

in the pumyp.

25, The method of any of claims 13-24, wherein detecting vibration or mechanical fatbure
mcludes detecting an optical signal from an optical sensor positioned on or near at least one of

the shroud, the cannula, and the motor.

26.  The method of any of claims 13-25, further comprising identitving a failure of the rotor
by detecting a change m the vibration of the pump or canmula during a period when the

clectrical current to the motor is positive.
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