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Systems and Methods for Reducing Leaks from a Catheter

Reference to Related Applications

{0001} This application claims priority to and the benefit of U.5. Provisional Patent
Application No. 62/700,683, filed on July 19, 2018, and entitled “SYSTEMS AND
METHODS FOR REDUCING LEAKS FROM A CATHETER”. The entire contents of the

above-referenced application is incorporated herein by reference.

Backeround

{0002] Intracardiac heart pump assemblies can be introduced into the heart either surgically
or percutancously and used to deliver blood from one location in the heart or circulatory
system to another location mn the heart or circulatory system. For example, when deploved in
the heart, an mtracardiac pump can pump blood from the left ventnicle of the heart mnto the
aorta, or pump blood from the right ventricle to the palmonary artery. Intracardiac pumps
can be powered by a motor located outside of the patient’s body or a motor located inside the
patient’s body. Some intracardiac blood pump systems can operate in paralle] with the native
heart to supplement cardiac output and partially or fully unload components of the heart.
Examples of such systems include the IMPELLA® family of devices {Abiomed, Inc.,
Danvers MA).

{8063} A blood pump systern includes a purp and a compartment. A catheter is attached at
one end to the pump and at the other end to the compartment. The catheter typically includes
multiple fluid lomens which carry liquid to the pump inn a distal direction. The compartment
may be multifunctional. In some adaptations, it includes mechanical components and
electronics that enable the pump to operate and be mantaimed. Leaks from lumens within the
catheter may reach the compartment and compromise electronic elements within the
compariment. Leaks may lead to. for example, pumip stoppage or a decrease in overall

System pressure.

Summary
{0004] Systems, methods and devices are described herein for preventing leaks m an
miracardiac blood pump system. Such a svstem can prevent egress of flnid from a catheter

into a corapartment of the blood pump system that contains electronic elements, while
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maintainimg fumctionality of the pump. A filter, as described heremn, is placed advantageously
between the catheter of the blood pump system and the compartment to differentially seal the
compartment. For example, the filter permits sterilization gas to pass through the filter to the
catheter, but prevents liquid from the catheter {(e.g., as the result of a leak) from passing
through the filter and into the compartment.

{8605 In some implementations, the mtracardiac blood pump system comprises a pump, a
catheter proximal of the pump, a compartment proximal of the catheter, a conduit extending
through an interface between the compartment and the catheter, and a filter within the
conduit. For example, the blood pump system may be an Impella® device of Abiomed, Inc.
or any other suitable system. In some implementations, a controller is configured to facilitate
operation of the blood pump systems described herein. For example, the controller may be
the Automated Impella Controller (AIC)? of Abiomed, Inc. or any other suitable controller
that receives input signals and translates them into operational signals to operate the pump.
At least one advantage of a separate controller configured to facilitate operation of the
mtracardiac blood pump systems is precise control of the system and to acquire data related
to the system.

{80606} In some implementations, the pump comprises a bousing and a rotor disposed within
the housing. The rotor may have at least one blade. Specifically, the rotor may include an
umpeller blade shaped to induce floid flow when under rotational force. In some
implementations, the rotor is driven by an implantable motor having a rotor and stator. A
proximal end of the rotor may be coupled to a drive shatt. In some implementations, the
motor 15 external to the patient and drives the rotor by an elongate mechanical transmission
clement, such as a flexible drive shaft, drive cable, or a fluidic coupling.

{60687} In some implementations, the catheter is an elongate multi-lumen catheter having a
proximal end, a distal end and a central lumen. The distal end of the clongate multi-lumen
catheter may be adjacent the pump housing. For example, when the blood pump system is in
use, the pump housing is placed mside a patient’s heart and the clongate multi-lumen catheter
may extend from the patient’s heart and through the patient’s vasculature such that a first
portion of the catheter is withan the patient and a second portion of the catheter is outside of
the patient. The catheter may comprise two, three, four, five or any suitable number of
lumens. For example, two separate tubes may pass through the central lumen of the catheter,
thus defining three lumens total-the first central lumen, a lumen through the first tube and a
tumen through the second tube. Some lumens may extend an entire length of the catheter,

while other lumens may extend only partially through the catheter.
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{6008} In some implementations, the compartment is proximal of the proximal end of the
catheter. For example, a distal end of the compartment may be located adjacent the proximal
end of the catheter. At least one advantage of positioning the compartment adjacent the
proximal end of the catheter s that tubing may extend through the compartment and enter a
tumen of the catheter. In some examples, the catheter can partially extend within the
compartment {e.g., to provide structural support at the connection point between the catheter
and the compartment}. In some examples, the proximal end of the catheter abuts the distal
end of the compartment.

{6609] In some implementations, the blood pump system further comprises a connector at
the mterface between the compartment and the catheter. The first lumen and the conduit may
pass through the connector. In some implementations, the connector has an inner volume and
the filter fills at least 50 percent of the inner volume of the connector. In some examples, the
connector extends partially into the compartment. In some examples, the catheter extends
partially into the connector. At least one advantage of providing a connector between the
compartment and the catheter is to provide additional structural stability at the connection
point between the two elements. For example, the connector may prevent the catheter from
bending sharply or kinking where it connects to the compartment.

{6018} Tn some implementations, the compartment comprises a first opening and one or
more side ports. The first opening of the compartment may be located at a distal end of the
compartment and connect to the proximal end of the catheter. The one or more side ports of
the compartment may be located proximal of the first opening of the compartment. For
example, there may be one or two side ports located between distal and proximal ends of the
compartment. At least one advantage of providing side ports is to allow fluid-carrving
humens to enter into the compartment and then extend into the proximal end of the catheter.

in particular, the side ports provide connections to external fluid sources that may provide
fluid through the catheter to a pump or patient.

{0011}  In some mnplementations, there is at least one clectronic clement within the
compartment. The at least one electronic clement mav comprise a memMory, a Pressure
transducer and/or a pressure sensor. For example, a printed circuit board comprising
transistors, inductors, resistors, capacitors, sensors or any other saitable element may be
disposed within the compartment. The electronics within the compartment may also allow
for the pump to be connected to a pump controller. At least one advantage of including a
memory ¢lement within the compartment 1s that the blood pump svstem may store operating

parameters for use if the purp is connected to multiple controllers at different points in time.
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At least one advantage of including a pressure transducer and/or pressure sensor within the
compartment is that the pump system may “translate” pressure readings {e.g., from a pressure
transducer) such that a pressure signal or related parameter can be sent to a controller and
displaved for a user.

{6612]  In some implementations, a first lumen of the elongate multi-lomen catheter is
configured to carry fluid from an external source. The fluid may be carried through the one
or more side ports of the compartment and through the first opening of the compartment to
the distal end of the elongate multi-lumen catheter. Tn some implementations, the first lumen
passes through the compartment. For example, the first lumen may be defined by a first end
point extermnal to the compartment, extend through a portion of the compartment, nto the
catheter and ternunate at a second end point within the catheter or at the distal end of the
catheter. In some implementations, the first lumen is within the central lumen. At least one
advantage of placing the first lumen within the central lumen is to provide a single tube
comprising all other tubes cxtending from the compartment to prevent tangling and/or
kinking of tubing. Additionally, by placing the first lumen within the central lTumen, the first
humen is protected from extemal forces {e.g., nicks, etc.) by an extra layer of tubing.

{0013} In some implementations, the fluid is blood, saline, purge fluid, glucose, heparin or
any other suitable matenal or combmation thereof. For example, the fluid may comprise
dextrose and heparin. In some implementations, the fluid comprises purge fluid, which flows
theough the first lumen to the rotor to maintain the pump substantially free of blood. At least
one advantage of using a purge fluid is that the flow of the purge fluid can provide a barrier
against blood ingress mnto the gap between the rotor and motor stator or pump housing which
could otherwise cause damage to the blood {e.g., hemolysis) or damage to the motor (e.g.,
mcreased friction, overheating, and/or seizing). For example, the purge fluid may comprise
dextrose and heparin. At least one advantage of using a combination of dextrose and heparnin
is preventing the formation of blood clots {e.g., via anticoagulant heparin} with an appropriate
amount of active agent while maintaining biocompatibility and flow.

{0014} In some implementations, the blood pump system further comprises a second lumen
of the elongate multi-lumen catheter. The second lumen may be configured to carry a second
hquid. In some examples, the second lamen extends through the compartment. The second
fluid may be also carried from an external source through the one or more side ports of the
compartment and through the first opening of the compartment to the distal end of the
elongate multi-lumen catheter. Tn some examples, the second hunen is a pressure lumen and

the second fluid is saline. The second lumen may have an opening located distal the
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compartment. At least one advantage of a second lumen s that the sccond lumen may carry a
fluid different from the first lumen and that may be provided via a different external source.
For example, the first lumen may carry purge fluid while the second lumen carrics saline, and
the purge fluid and the saline mav be maintained separate from one another,

{B615]  Insome implementations, the conduit extends through the interface between the
compartment and the multi-lumen catheter. The conduit may comprise a first end located
proximal of the first opening of the conmpartment and a second end located distal of the first
opening of the compartment, such that the condnit spans the first opening of the
compartment. Positioning the conduit within both the compartment and the catheter allows a
liquid or gas to be inserted into the catheter from the compartment and therefore provides
access to the central lumen of the catheter. The conduit 1s configured to carry gas from the
first end of the conduit through the first opening of the compartment to the second end of the
conduit. The second end of the conduit may be in fluid communication with the central
lumen of the clongate multi~lumen catheter. For example, a proximal cod of the conduit may
extend a short ways into the compartment and a distal end of the conduit may extend a short
ways into the catheter. The system may be immersed in an environment filled with gas,
introduced via an external gas source, and the conduit may allow for penctration of the gas to
the interior of the catheter. At least one advantage of carrving gas to the mterior of the
catheter is to sterilize the central himen of the catheter such that any fluid {e.g., that may
come into contact with a patient} within the catheter is maintained sterile.

{0616}  In some implementations, the filicr is disposed within the conduit. The filter may be
configured to prevent egress of the fluid from the multi-lumen catheter into the compartment,
while allowing flow of gas from the first end of the condutit through the second end of the
conduit and into the multi-himen catheter. At least one advantage of placing the filter within
the conduit s that any fluid leak from within the central lumen of the catheter will reach the
filter {via the conduit} before reaching any electronic elements within the compartment.
{0017} In some mmplementations, the gas carried by the conduit is sterilization gas. The
sterilization gas may be used to sterilize the central lumen. For example, the gas may be
sthvlene oxide, nitrogen dioxide, ozone, vaporized hydrogen peroxide or any other suitable
gas. At least one advantage of using stertlization gas 1s to sterilize the central lumen of the
catheter such that any fhud (e g, that may come into contact with a patient) within the
catheter is maintained sterile.

{6018] In some implementations, the filter 1s configured to prevent a leak of hquid from the

central fumen passing through the conduit and reaching the compartment in some situations.



WO 2020/018742 PCT/US2019/042330

During operation of the blood pump system, the first lumen may be damaged sach that liquid
leaks from the first lumen into the central lumen of the catheter. For example, purge fluid
may leak from a lumen into the central lumen of the catheter. Without the filier, the leaked
Liguid would flow from the catheter into the compartment which would be problematic. But
the filter focated in the conduit prevents the leaked liguid from reaching the interior of the
compartment, and thus prevents the fluid from reaching the at least one electronic element.
To achieve a proper seal but still facilitate sterilization, the filter 1s configured to provide
hquid filtering, so # allows a flow of gas to be carnied across the filter prior to any liquid
contact. At least one advantage of preventing leaks from passing through the filter is to
prevent liquid from reaching clectronic clements within the compartment. For example, if
Ligquid were to contact any exposed electronic elements within the compartment, the iquid
could cause a short or otherwise damage the electronics, causing pump operation to stop or
change. At least one advantage of allowing gas to pass through the filter is to allow the
central lumen of the catheter o be sterilized.

{80615} Positioning the filter can help achieve the hiquid seal. In some implementations, the
filter is located proximal of the first opening of the compartment. For example, the filter may
be placed wholly within the compartment. In some implementations, the filter is located
distal of the first opening of the compartment. For example, the filter may be placed wholly
cutside of the compartment. In some implementations, the filter extends across the first
opening of the compartment. In some implementations, a portion of the filter extends within
the compartment. For example, the filter may span the first opening of the compartment such
that a first portion of the filter is within the compartment and a second portion of the filter is
outside of the compartment. At least one advantage of placing the filter such that it extends
across or near an opening of the compartment is that the filter may prevent hiquid from
contacting the interior of the compartment {and electronic elements located therein).

{30628} In some implementations, the filter comprises a hvdrogel adhered to pore walls of a
porous substrate. The filter may be, for example, a filter such as that described in US Patent
Publication 2004/0052689, which is hereby incorporated by reference in its entirety. The
hydrogel may be hydrophilic  polvurethane, hydrophilic  polyuria,  hydrophilic
polyvurcaurethane or any suitable matenal. At least one advantage of using a hydrogel (e.g., a
hydrophilic polymer) is that a hvdrogel swells in agueous solutions and retains a significant
fraction of agueous solution it is exposed to without dissolving. The porous substrate may be
metal, ceramic, glass, organic, non-organic, organic polvmers, acrylic polvmers, polvolefing

or any suitable material or combination thereof. At least one advantage of a porous substrate
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is that it has channels through which gas can flow, which facilitates sterilization. At least one
advantage of using a filter comprising a hydrogel and a porous substrate is that the filter may
prevent contamination between two portions of tubing when the filter 1s placed between the
portions and by blocking the flow from aqueous solution between the two portions.

{3621} In some tmplementations, the filter self-seals when exposed to liquid. For example,
the filter may self-seal when exposed to aqueous medium. In some implementations, the
filter is gas-permeable. In some implementations, the self-sealing filter responds (i.e., seals)
gquickly when exposed to hiquid, caunses little or no contamination of liquid solutions with
which it comes in contact, and is capable of withstanding high back-pressures (e.g., greater
than about 7 psi) beforc agamm allowing the passage of gas or ligwid. In some
mmplementations, the filter is biocompatible. At least one advantage of a self-sealing filter is
short response time, fittle or no contamination of aqueous solutions with which they come in
contact, and the ability to withstand high back-pressures.

{00622}  In some implementations, the filter is in the shape of a narrow cylinder, the filter
being sized and shaped to fit within the conduit. In some implementations, the conduit may
be a narrow tube. The filter may have an outer diameter equal to an inner diameter of the
conduit, such that the filter fits snuggly within the conduit. In some implementations, the
filter 1s in the shape of a frustum, the filter being sized and shaped to fit within the conduit.
The filter may have a first outer diameter equal to an inner diameter of the conduit, such that
the filter fits snuggly within the conduit at a first end, and then tapers to follow the shape of
the conduit. At least one advantage of shaping and sizing the filter to fit smuggly within the
conduit is that any gas or hquid passing through the conduit will come into contact with the
filter, and the filter may thus prevent liquid from flowing from one end of the conduit to the
other {e.g., from the central lumen of the catheter to the interior of the compartment}. The
filter may have any other shape {e.g. disc, prism, etc.) that accommodates a shape of the
conduit.

{0023}  In some implementations, manufacturing a filter for a blood pump system (such as
the systems described hercin) comprises coating filter media of a support material with a
hydrogel. For example, the filter media may be fibers, granules, powder, or any other
suitable substance. At least one advantage of using a filter comprising a hydrogel and filter
media is that when placed between two portions of a conduit, the filter permits gas flow
between the two portions to allow sterilization inside one of the portions, and may prevent
Liguid contamination if an agueous solution attempts to flow between the two portions. The

blood pump system comprises a catheter defining at least one lumen having a lumen cross
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section. The coated filter media can be assembled to form a self-sealing filter, sized and
shaped to have a cross section equal to that of the lumen cross section. At least one
advantage of thus assembling the filter is to ensure the filter fits souggly within the lumen
such that it can block or impede any gas or liquid passing through the conduit. The seif-
sealing filter may be positioned at a distal end of a scaled compartment. An elongate catheter
(defining a lumen) is positioned such that the self-sealing filter extends between the sealed
compartment and a portion of the clongate catheter. The filter may thus prevent liquid from
flowing from one end of the conduit to the other {e.g., trom the central lumen of the catheter
to the interior of the compartment}. A sterilization gas is delivered to the clongate catheter
via a hollow tube extending through at least a portion of the scaled compartment. At least
one advantage of using sterilization gas is to sterilize the central lumen of the catheter such
that any fluid (e.g., that may come into contact with a patient) within the catheter is
maintained sterile.

{6624} o some implementations gas s allowed to penctrate through a conduit to stenlize a
central lumen of a multi-lumen catheter. The conduit is positioned across the first opening of
the compartment. The compartment is positioned adjacent a proximal end of the catheter.
Fluid 15 passed through the first lumen from an external source to the distal end of the multi-
tumen catheter. A self-scaling filter prevents egress of the fluid from the multi-lumen
catheter into the compartment while allowing the flow of gas from the first end of the conduit
to the second end of the conduit. At least one advantage of preventing feaks from passing
through the filter is to prevent liquid from reaching electronic clements within the
compartment. If liquid were to contact any exposed clectronic clements within the
compartment, the liquid could cause a short or otherwise damage the clectronics, causing
pump operation to stop or change. At least one advantage of allowing gas to pass through the

filter is to allow the central lumen of the catheter to be stenthized.

Brief Description of the Drawings

{6025} FIG. 1 shows an illustrative blood pump system, according to cortain
implementations;

{8626} FIG. 2 shows a compartment with one side port, according to certain
implementations;

{08027} FIG. 3 shows a compartment with two side ports, according to certain

mmplementations;
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{6028} FIG. 4A-C show a self-sealing filter allowing sterilization gas to pass through and a
self-sealing filter preventing the flow of liquid, according to certain implementations;

{6029} FIG. 5 shows lwmens within a compartment, according to certain implementations;
{6838} FIG. 6 shows a flowchart for manufacture of an intracardiac blood pump svstem
with leak protection, according to certain implementations; and

{6031} FIG. 7 shows a flowchart for preventing leaks from a catheter of an intravascular

blood pump, according to certain implementations.

Detailed Description

{60632} To provide an overall understanding of the systems, method and devices described
herein, certain iilustrative embodiments will be described. Although the embodiments and
featares described 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
helow 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. Additionally, though the application
of pump elements has been described here with regard to blood pumgps, it is to be understood
that the pump elements may be applied to other pumps for which any type of fluid flow being
sent distally can flow proximally and damage electronic components. For example, pumps
which are used in acidic or otherwise corrosive envircmments may require a purge flow to
prevent the ingress of acid which would be damaging to pump components. Although the
embodiments and features described herein are specifically described for use in connection
with an intracardiac blood pump system, it will be understood that a blood pump system
according to the embodiments and features described herein may be used within any
vasculature and/or in combination with other systems. For example, the filter systems and
placement described below may be used in vrethra or bladder catheterization systems; nght
heart cardiac support systems; intra-aortic balloon pumps; extracorporeal membrane
oxygenation devices; left ventricular assist devices; renal support systems, such as cardiac
assist devices to adjust kidney autoregulation: infusion systems; central venous catheters; or
any other suitable system.

3033} FIG. 1 shows an intracardiac blood pump system 150 for use with filters such as
filters 216 and 316, described further below in relation to FIGS. 2 and 3. The systern 150
meludes an elongate catheter body (also referred to as an clongate multi-lumen catheter) 110,

a pump 140, a compartment 100, a purge side arm 120 and a pressure side arm 130, Puarge
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side arm 120 includes fitting 122, pressure reservoir 124, infusion filter 128, and tube 126.
Pressure side arm 130 includes tube 136, Pump 140 includes a pump bousing 134, a motor
housing 102, a cannula 173, a suction head 174 and a flexible projection 176. Pumyp 140 can
be nserted into a patient’s body through a vanety of methods.

{30634} The methods through which pamyp 140 can be inserted into a patient inclade, but are
not limited to, using an over-wire techoique and a side-rigger technique. For example, a first
guidewire s inserted into the vasculature of the patient and a guide catheter is then threaded
over the first guidewire. The first gmdewire 1s in turn removed, allowing for the mtroduction
of a second guidewire within the guide catheter. For example, the second guidewire is stiffer
than the tirst guidewire, to facilitate the backloading of the pump onto the guidewire. Unce
the stiffer guidewire is in place, the pump is threaded over the wire, using either the standard
over-wire technique or the side-rigger technique. The guide wire is removed prior to pump
operation. Alternatively, the guide wire is not removed prior to operation. Alternatively, the
pump can be backloaded over a guidewire nserted through the free space of the pump
mmpeller. In one implementation, an easy-guide lumen 132, as described for example in U.S.
Patents No. 8,814,776, 9,402,942, and 9,750,861, incorporated by reference herein in their
entirety, can be used in combimnation with the guide wire to more casily backload the pump
with the guide wire passing through the free space of the impeller, and without damaging the
peller. Easy guide-lumen 132 1s removed prior to operating the pump, as is the guide wire.
in another implementation, the pump is backloaded over the guidewire without the use of an
casy guide lumen.

{8035}  In some mmplementations, purge fhad is delivered to a rotor m pump 140 to maintain
the pump substantially free of blood. As detailed below, at least one advantage of using a
purge fluid is that the flow of the purge fluid can provide a barrier against blood ingress into
the gap between the rotor and motor stator or purap housing which could otherwise cause
damage to the blood (e.g., hemolysis) or damage to the motor {e.g., increased friction,
overheating, and/or seizing). Purge fluid may be delivered through a first lumen {e.g., as
defined by tube 512 of FIG. 5) of the elongate catheter body 110 through the motor housing
102 1o a proximal end of the cannula 173, The first lumen of the elongate catheter body 110
supplies the purge fluid to the pump 140 from a fluid reservoir (not shown) via purge side
arm 120. Tube 126 partially defines the first lumen of the clongate catheter body 110. The
first lumen passes through compartment 100 {¢.g., compartments 200, 300, and 500 FIGS. 2,
3 and 5, respectively) and into the elongate catheter body 110 and may include connectors or

fittings.
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{8036} In some implementations, the motor is “onboard,” as shown in FIG. 1, and may be
located within the patient’s body during operation of the pump and be configured with
clectrical leads that transmit power to the motor for duving the pump. As mentioned
previously, the motor can alternatively be located outside of the patient’s body and can
actuate the rotor via a drive shaft, drive cable, or drive line. For example, the motor may be
located within a handle {e.g., connected to compartment 100} of the pump system. In some
examples, a drive cable may extend through elongate catheter body 110 to a rotor located
near a proximal end of cannula 173, In some implementations, the drive shaft, drive cable, or
drive line operate in combination with the purge fluid delivery {e.g., through tube 512 of FIG.
5} described herein.

{60837} The purge fluid flows through the pump to prevent ingress of blood cells into the
pump. Altematively or additionally, the purge fluid may function as a lubricant for bearings
of the pump (not shown) or as a coolant to dissipate heat produced by electromagnetic motor
cotls of the motor stator. The purge fluid may be lubricant, coolant, medicine or any suitable
hemocompatible fluid. For example, the purge fluid may be saline, Ringer’s solution,
glucose solution, heparin or any other soitable fhud. The purge fluid prevents blood from
entering the motor housing 102 during operation of the pump [40. The purge fluid may also
prevent ingress of blood into the clongate catheter body 110, In some implementations, a
highly viscous parge fluid, such as a ghicose solution, is used to lobricate bearings internal to
the pump 140. In other implementations, pharmacological agents are used as a purge fhuid to
purge the pump of blood, as well as perform a medical purpose. For example, the purge fluid
may include heparin to prevent blood clotting. The purge fluid flows through a first lumen of
the elongate catheter body 110 and flows out of the pump 140 at the outlet openings near the
proximal end portion of pump 140. The purge fluid is safely dispersed into the blood stream
of the patient.

{3038} Another lumen {e.g., as defined by tube 516 of FIG. 5) of the elongate catheter body
116 could supply a pressure fluid to the pump via pressure side anm 130, Pressure side arm
130 provides fluid to a fluid-filled pressure lumen with an inlet at the proximal end of the
motor housing 102. The fluid-filled pressure lumen, n combination with an electronic
element located in compartment 100, mav be used {o detenmine the placement of the pump
relative to the aortic valve of a patient. For example, the electronic element may be a
pressure transduccer that “translates™ pressure from the pressure lumen into a value that can be
output to an external system or display. In some implementations, a second thuid reservoir or

pressure bag (not shown) is connected to the proximal end of pressure side arm 130 to
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provide the pressure fluid. The pressure fluid may be the same as or different than the purge
fluid. For example, the pressure fluid may be saline, Ringer’s solution, glucose, heparin, or
any hemocompatible fluid.

{6039} In some implementations, the blood purap systemn 150 includes an optical pressure
sensor {e.g., a Fabry-Pérot optical pressure sensor) located distal of the motor. An optical
fiber extends proximally from the optical pressure sensor along the catheter. The optical
pressure sensor includes a cavity that is terminated by a thin, pressure sensitive glass
membrane. The light exiting from the optical fiber s reflected by the glass membrane and
imto the optical fiber. The reflected light is transoutted along the length of the optical fiber to
clectronic control elements {e.g., within compartment 100 or within a connecting console),
which determines a pressure signal based on an interference pattern in the reflected hight.
[8040]  Side ports of compartment 100 allow fluidic connections to compartment 100, as
described in greater detail below in relation to FIG. 5. Purge side arm 120 and pressure side
arm 130 connect to compartment 100 at a first side port {e.g., tube 526 of FIG. 5} and a
second side port {e.g., tube 524 of FIG. 5), respectively. The first lumen (partially defined by
tube 126} and the second lumen (partially defined by tebe 136} extend through compartment
100 to enter the clongate catheter body 110. In some implementations, tube 126 joins a tube
{e.g., tube S12 of FIG. 5} within compartment 100 at a glue connection at or near the first side
port, such that the first lomen extends through tabe 126, through compartment 100 and
theough the elongate catheter body 110 to deliver purge fhuid to pump 140. In some
implementations, tube 136 similarly joins a different tube (e.g., tube 516 of FIG. 5} withun
compartment 100 at a glue connection at or near the second side port, such that the second
humen extends through tube 136, through compartment 100 and through the clongate catheter
body 110 to deliver pressure fluid to pump 140.

[6841]  In some implementations, the first lumen and the second lumen of the clongate
catheter body 110 are maintained separate from one another. The first and second lumens
may extend through a central lumen of the elongate catheter body 110, and be configured to
carry fluid while the central lumen of the elongate catheter body 110 remains free of purge
and pressure thid. The central lumen of the elongate catheter body 110 may, however, carry
fhid in the case of a leak from either the first or second lomens. For example, during
operation of the purp, the first lumen may be kinked or accidentally damaged such that
purge fluid leaks out of the first lumen into the central lumen of the e¢longate catheter body
110. In the case of a leak reaching the central lumen of the elongate catheter body 110, two

potentially problematic situations can arise: (1) the leaking fluid may reach the patient {e.g.,
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through inlets and outlets provided in pump 140} and (2} the leaking fluid may reach the
mterior of compartment 100,

{0042} To reduce or eliminate the chance of danger to a patient mn the case of leaking fluid
in the central lumen of the elongate catheter body 110, the central lumen is sterilized using a
sterilization gas. The fhinds 1 the first lumen {(purge fluid) and the second lumen {(pressure
fluid) are hemocompatible and thus a leak from the first lumen or second lumen does not
pose a patient risk on its own, unless the fluid is contaminated {e.g., via germs in the central
fumen). Because of this potential risk, the central lumen 1s sterilized even though fluid does
not ordinarily flow through the central lumen to reach the pump 140,

{0043} To sterilize the central lumen, sterilization gas enters the central lumen of the
elongate catheter body 110 via a conduit {e.g., condwit 214 of FIG. 2, conduit 314 of FIG. 3)
that the extends through an opening of compartment 100 and into the clongate catheter body
110. The conduit comprises a proximal end located proximal of the first opening of the
compartment 100 and a distal end located distal of the first opening. The proximal cod of the
conduit 214 mayv be accessed, for example, through the nterior of compartment 100 prior to
final assembly of the blood-pump system. By mserting stenilization gas through the proximal
end of the conduit, the sterifization gas reaches the central lumen of the elongate catheter
body 110. In the event that purge fhud or pressure flund leaks mito the central lumen, the
leaked liquid will remain sterile becanse of the sterilization gas. At least one advantage of
sterilizing the central lumen is that if anv leaked liquid reaches the patient (e.g., through the
distal end of intracardiac blood pump system 150}, the fluid 15 still sterile and will not
imtroduce bacteria into the patient.

{6044} Because the proximal end of the conduit is located within the interior of
compartment 100 while the distal end of the conduit is located within the central lumen of the
elongate catheter body 110, in the event that liquid leaks into the central lumen of the
elongate catheter body 110, the leaked hiquid could potentially reach the condait. To prevent
the leaked liquid from reaching the interior of compartment 100 (and the electronic clements
disposed therein) through the conduit, a scif-scaling filter {e.g., filter 216 of FIG. 2, filter 316
of FIG. 3} 1s placed within the conduit {e.g., conduit 214 of FIG. 2, condwt 314 of FIG. 3).
The self-sealing filter prevents liguad from flowing in at least one direction through the
conduit, while allowing gas to flow through the conduit The self-sealing filter allows gas to
flow through the conduit but prevents liquid from flowing in at least one direction through
the conduit, by sealing when n contact with hiquid. Thus, sterilization gas to which the

device is exposed to prior to any liquid exposure is allowed to reach the central lumen of the
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clongate catheter body 110 through the conduit, but any leaked liquid within the central
humen of the elongate catheter body 110 cannot reach the interior of compartment 100,
Various implementations of filiers and blood pumps assemblies are further described below
m relation to FIGS, 2-5.

{00457 FIG. 2 shows a compartment 200 with one side port 228, according to certain
implementations. Compartment 200 is similar to compartment 100 of FIG. 1 but comprises a
single side port for a purge side arm, rather than the two side arms described above. The
compartment 200 is connected to a catheter 210 with a self-sealing filter 216 to prevent fluid
leaks from the catheter 210 reaching the interior of the compartment 200. For example, the
compartment may be the Impella® plug of Abiomed, Inc. A first lumen defined by tubes 226
and 212 extends from outside of compartment 200 and through side port 228, Tube 226 may
be, for example, similar to tube 126 described above in relation to FIG. 1 and may be part of
a purge side arm similar to purge side arm 120. The first lamen passes through a portion of
the interior of compartment 200, extends through the first opening 250 of the compartment
and extends through connector 260 to enter catheter 210, In some embodiments, tube 212
extends through first opening 250 and through the length of catheter 210, In some
embodiments, connector 260 1s a plastic component configured to provide support to the
proximal end of the catheter 210,

{0046]  Conduit 214 extends through opening 250, through connector 260 and mnto catheter
210. As described above, conduit 214 may allow gas to penctrate the central lumen of
catheter 210. For example, the gas may be a sterilization gas configured to sterilize the
central lumen of catheter 210, Conduit 214 is in the shape of a narrow cvlinder and a length
relatively short compared to a length of catheter 210, The proximal end of conduit 214 is
located within compartment 200 and proximal of opening 250. The distal end of conduit 214
is Jocated within catheter 210 and distal of opening 250. In some embodiments, conduit 214
1s in fluid communication with the central lumen of catheter 210. Conduit 214 i3 shown as a
cylindrical tube. However, conduit 214 may be a frustum, a narrow cylinder, a curve
cylinder, a rectangular prism or any suitable shape.

{8047} Filter 216 is located within conduit 214, In some implementations, filter 216 15 1n
the shape of a narrow cylinder. In some implementations, filter 216 is sized and shaped to
entirely fill an internal diameter of conduit 214, such that gas or liquid flowing through
conduit 214 will encounter filter 216, as described in further detad below in relation to FIG.
5. Filter 216 allows gas to flow from the proximal end of conduit 214 to the distal end of

conduit 214, but prevents Hquid from the distal end of conduit 214 from reaching the
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proximal end of conduit 214, This configuration allows gas (e.g., sterilization gas) to reach
the central fumen of catheter 210 prior to any exposure to liquid but prevents a liquid {e.g.,
leaked purge fluid, as described above) from reaching within compartment 200, Conduit 214
and filter 216 are placed such that purge fluid flowing through the first lumen defined by
tabes 226 and 212 does not pass through conduit 214 and, as such, does not encounter filter
216. Thus, purge fluid may still reach a pump {e.g., pump 140} through catheter 210, without
being blocked by filter 216.

{0048} At least one clectronic clement 240 is disposed within compartment 200, Electronic
clement 240 may include pressure transducers, pump-control circuitry, resistors, capacitors,
inductors, transistors, wiring or any other suitable clement. Other clectronic clements, for
example, elements of printed civcwit boards (PCBs}, may also be disposed within
compartment 200. The proximal end of compartment 200 (located opposite of opening 250}
may, for example, be connected to a power supply configured to power electronic elements
240. If liquid (e.g., lcaked purge flmd from the first luraen that has reached the condral lumen
of catheter 210) enters the interior of compartment 200, it can short or otherwise damage
electronic elements 240, For example, if the electronic elements corrode due to fluid
damage, pump operation and finctionality may be damaged or may stop completely, which
can be dangerous for a patient. Filter 216 prevents thud from reaching the electronic
elements. In some implementations, filter 216 1s impermeable to liqnd but permeable to gas.
Because filter 216 1s sized and shaped to fill the intemal diameter of conduit 214, liquid that
may otherwise flow through conduit 214 {e.g , purge fluid that has leaked into the central
fumen of catheter 210} will instead be “blocked™ by filter 216. Because filter 216 is within
conduit 214 (which extends between catheter 210 and compartment 200), liquid is effectively
blocked from reaching the interior of compartment 200 (which holds electronic elements 240)
via the conduit 214.

{3349} FIG. 3 shows a compartment 300 with two side ports, according to certain
implementations. FIG. 3 is similar to FIGS. 1 and 2 described above. In relation to FIG. 1,
pressure side arm 330 corresponds to pressure side arm 130, purge side arm 320 to purge side
arm 120, catheter 310 to the clongate catheter body 110, In relation to FIG. 2, electronic
elements 340 correspond to 240, side port 328 to side port 228, conduit 314 1o conduit 214,
and filter 316 to filter 216, FIG. 3 differs from FIG. 2 in that FIG. 3 has an additional side
port 332, Side port 332 allows for the connection of pressure side arm 330, such as pressure

side arm 130 described above in relation to FIG. 1.
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{8056] FIGS. 4A-C show a semi-permeable filter, according to certain implementations.
FiI(G. 4A show a semi-permeable filter 416, allowing a flow of gas mndicated by arrow 412 to
pass through a conduit 410, prior to any contact with liqguid. Gas flow ndicated by arrow 412
enters and passes through a proximal portion 414 of conduit 410, then passes through filter
416, then passes through a distal portion 418 of conduit 410. FIG. 4B shows filter 416
preventing a flow of figuid indicated by arrow 422 from passing through conduit 410. The
flow of liquid 1ndicated by arrow 422 enters a distal portion 418 of conduit 410, encounters
resistance at filter 416 such that the flow of liguid cannot permeate filter 416 and reach
proximal portion 414, Instead, the flow of liquid exits conduit 410 through distal portion
418. The flow of liquid ndicated by arrow 422 does not reach a proximal portion 414 of
conduit 410 because the matenial properties of filter 416 cause the elements of filter 416 o
swell such that iquid cannot pass through the entire fength of the filter. FIG. 4C shows filter
416 allowing the flow of gas indicated by arrow 412 to pass through conduit 410 while
preventing the flow of liquid indicated by arrow 422 from passing through conduit 410, As
shown in FIG. 4C, in some implementations, filter 416 may stroultancously allow the flow of
gas while preventing the flow of iqund across condait 410, In some implementations, filters
416 self-seals when exposed to higpuid. In some implementations, when filter 416 has sealed
in response to encountering hiquid, filter 416 is also fully or partially sealed against the flow
of gas. For example, if the filter media of filter 416 swells to prevent the flow of hquid
through conduit 410, the swollen filter media may also prevent the flow of gas through
conduit 410. In some implementations, filter 416 is permeable to gas but impermeable to
frgquid.

{6051} In some implementations, filter 416 may include a hvdrogel that can adhere to pore
walls of a porous substrate. The hyvdrogel may be hydrophilic polvurethane, hydrophilic
polyuria, hydrophilic polyurcaurethane or any suitable matenal. A hydrogel is a roaterial that
swells in water and retains a significant fraction of water without dissolving in water. The
porous substrate may be metal, ceramie, glass, organic, non-crganic, organic polymers,
acrylic polymers, polyvolefins or any suitable material or combination thercof. Porous
substrates from which filter 416 can be made are msoluble in water and contain one or more
channels or pores through which gas or liquid molecales can pass. This allows the passage of
gas through the channels. The hydrogel adheres to the porous substrate. The hydrogel
swells when i contact with liquid such that the liquid cannot pass through the channels.

Once in contact with liquid, the filter becomes impermeable.
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{6652] The mechanical, physical, and chemical properties of filter 416 can be adjusted by
the appropriate selection of the substrate and hvdrogel materials and the process used to make
the filter material. For example, small diameter pores or channels may be used when rapid
self-sealing 1s desirable. Large diameter pores or channels may be used when smaller
pressure gradients across the self-sealing filter is desired. The hydrogel may be chosen to
account for the porosity and composition of the porous substrate. The porous substrate and
hydrogel materials may also affect physical propertics (e.g., strength, flexibility, durability,
resistance to corrosion, or any other suitable property} of the filter 416, and may be chosen
for the necessary physical properties in a particular application. For example, the materials of
filter 416 may be chosen to match the tlexibility of conduit 410. In some implementations,
the material of filter 416 may be chosen for ease of implementation in small geometries (e.g.,
within conduit 410). In some implementations, the material of filter 416 may be chosen for
its ease of forming a complete seal with conduit 410 during manufacture of the system.
{0053}  In some implementations, filter 416 15 sclectively permeable. Filter 416 may swell,
and i some cases seal to specific materials when encountering said specific materials, due o
selectively attracting different kinds of molecules or bonds. For example, filter 416 may
black a flow of dextrose by atiracting sugar molecules, while allowing the flow of water or
gas {e.g., sterilization gas). In some mmplementations, filter 416 may separate mixtures
through chromatography (i.e., by allowing the flow of one component of the mixtore throogh
the filer, while preventing or at least greatly retarding the flow of another component of the
mixture through the filter).

{6054} FIG. 5 shows lumens within a compartment 500, according to certain
implementations. FIG. 3 is similar to FIG. 3 but shows additional detail of tubing within
compartment 300 as described below. Compartment 500 corresponds to compartment 300,
conduit 520 corresponds to conduit 314 and catheter 510 corresponds to catheter 310, In
some implementations, side joint 502 attaches a pressore side arm {e. g., pressure side arm
330} to compartment 500 through side port 324, and side joint 504 attaches a purge side arm
(e.g., purge side arm 320) to compartment 500 through side port 526.

{8653} Compartent 500 may contain sensitive electronics. PCB 540 holds electronic
elements {e.g, electronic elements 340) within the interior of compartnient 500, Wiring
extends from PCB 540 to electronics cable 5314, In some implementations, electronics cable
514 15 an msulated cable comprising at least one wire configured to provide power and
electronic signals 1o a drive system of a pump {e.g., pump 140 of FIG. 1). Electronics cable

514 extends into a proximal end of a central lumen of elongate multi-lumen catheter 510, In
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some implementations, electronics cable 514 extends through the central lumen of catheter
510 to distal end of catheter 510.

[0056] The svsiem of FIG. 5 includes a series of side joints and lumens that connect with
compartment 500, each of which facilitates a connection, directly or indirectly, to the catheter
510. A first lumen extends through side joint 504, through side port 526, through a portion
of compartment 300 and extends into a proximal end the central lomen of catheter 510, A
portion of the first lumen is defined by tube 512. Tube 512 exuts compartment 500 through
opening 508 and extends through connector 560 (while within catheter 510). In some
implementations, tube 512 extends from the proximal end of catheter 510 to a distal end of
catheter 510. For example, tube 512 may terminate at a pump housing {e.g., pump housing
134 of FIG. 1) such that fluid 15 delivered to a rotor withun the pump housing, as described
below in relation to FIG. 1. In some implementations, tabe 512 terminates at an opening
proximal of the distal end of catheter 510. In some implementations, tube 512 extends
bevond the distal end of catheter 510, In some implementations, the first lumen (partially
defined by tube 512) carries purge fluid. For example, the first lumen may carry glucose,
saline, heparin or any other suitable fhud.

{0037} A second lumen extends through side joint 502, through side port 524, through a
portion of compartment 300 and extends into a proximal end the central humen of catheter
510. A portion of the first himen is defined by tube 516, Tube 516 exits compartment 500
through opening 50% and extends through connector 360 (while within catheter 510). In
some implementations, tube 516 extends from the proximal end of catheter 510 to a distal end
of catheter 510. For example, tube 516 may terminate at a motor housing {e.g., motor
housing 102 of FIG. 1} such that fluid is delivered to a motor within the motor housing, as
described below in relation to FIG. 1. In some implementations, tube 516 terminates at an
opening proximal of the distal end of catheter 510, In some implementations, tube 516
extends beyond the distal end of catheter 510. In some implementations, the second lumen
{(partially defined by tube 516) carries pressure fluid, as described below in relation to FIG. 1.
For cxample, the first lumen may carry glucose, saline, heparin, or any other suitable fluid.
{8858} A proxamal end of conduit 520 is located within compartment 500, Conduit 5201sa
hollow tube that extends within the central humen of catheter 510, and is in flaid
communication with the central humen of catheter 510. A cross section of a proximal end of
catheter 510 would show a central lumen surrounding the first lumen defined by tube 512, the
second lumen defined by tube 516, electronics cable 514 and a thurd lumen defined by

conduit 520. In some implementations, conduit 520 is significantly shorter than catheter 510.
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For example, conduit 520 may extend through one percent, two percent, five percent, ten
percent, 20 percent, or any other suitable amount of a length of catheter 510, In some
implementations, conduit 520 allows for delivery of gas to the central lumen of catheter 510
that is configured to sterilize the central lumen. For example, the proximal end of conduit
520 may be exposed to an external source of sterilization gas, such as ethylene oxide,
nitrogen dioxide, ozone, vaporized hvdrogen peroxide or any other suitable gas.

{0059} As shown mn magnified portion 506 of the compartment 500, the third lumen defined
by conduit 520 holds a filter 528 {e.g., similar to filters 416 and 426 of F1(. 4). In some
implementations, filter 528 is gas permeable and/or self-seals when it comes into contact with
lquid. The filter aliows the sterilization gas to pass from the proximal end to the distal end
of conduit 520. The filter prevents hiquid from the central tumen of catheter 510 from
reaching the interior of compartment 500 and the electronic components located therein. For
example, if tube 512 or tube 516 is damaged and leaks purge fluid or pressure fluid into the
central fumen of catheter 510, the leaked liguid will be blocked from reaching the
compartment via conduit 520 by filter 528.

{8068} FIG. 6 shows a flowchart for manufacture of an intracardiac blood pump system
with leak protection, according to certain implementations. Process 600 starts at step 602
where substrate of a support material are coated with a hydrogel. The hydrogel may be
hydrophilic polyurethane, hydrophilic polyuria, hydrophilic polyureaurethane or any suitable
material. The support material may be a porous substrate such as metal, ceramic, glass,
organic, non-organtc, organic polymers, acrylic polymers, polyclefins or any suttable
material or combination thereof.

{8061} Process 600 continues (o step 604 where the coated filter media are assembled to
form a self-sealing filter. In some implementations, the coated filter media may be assembled
m narrow cylindrical shape. For example, the coated filter media may be assembled to fit
snuggly within a hollow tube {e.g., conduit 520 of FIG. 5}. In some implementations, the
coated filter media may be assembled in the shape of a frastum. For example, the filter made
of the coated filter media may plug an end ot a hollow tube {¢. 2., conduit 520 of FIG. 5). In
some implementations, the size and shape of the filter are chosen to match the size and shape
of the hollow tube described below. At least one advantage of fitting the filter to the size of
the hollow tube is that liquid or gas flowing through the hollow tube will pass through the
filter. In some implementations, the filter may fill 20 percent. 30 percent, 40 percent, 30
percent, 75 percent, 100 percent or any other suitable percentage of a length of the hollow

tube. In some implementations, an outer perimeter of a cross section of the filter may be
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chosen to match in inner perimeter of a cross section of the hollow tube. For example, the
filter may effectively plug into the hollow tube and form an aquecus liquid-seal between one
end of the hollow tube from another end of the hollow twbe. In some implermentations, the
cross section of the filter matches the cross section of the hollow tube for an entire length of
the filter. In some implementations, the cross section of the filter may match the cross
section of the hollow tube at a first location and differ from the cross section of the hollow
tube at a second location.

{6062} Process 600 continues to step 606, where the self-sealing filter is positioned at a
distal end of a sealed compartment {e.g., compartment 100 of FIG. 1}. Process 600 continucs
to step 608, where an clongate catheter is positioned such that the self-sealing filter extends
between the sealed compartment {e.g., compartment 100 of FIG. 1) and a portion of the
elongate catheter {e.g., the elongate catheter body 110 of FIG. 1).

{0663]  Process 600 continues to step 610, where sterilization gas is delivered to the
clongate catheter via the hollow tube {e.g., conduit 520 of FIG. 5). In some implementations,
the holiow tube is a narrow, hollow, cylinder with a length relatively short compared to the
length of the catheter. In some implementations, the hollow tube is in the shape of a frustum.
Because of the placement of the self-scaling filter (as recited in steps 606 and 608) and the
hollow tube, when the sterilization gas flows through the hollow tube, the gas passes from a
distal end of the sealed compartment through the filter to the elongate catheter, enabling flud
communication between the compartment and the catheter. However, the filter prevents
fipmid from passing through the bollow tube, while allowing gas to pass through the hollow
tube, as described in relation to FIGS. 1-5 described above,

{6064} Though the steps of process 600 are recited 1o a specific order, the steps can be
completed in any order.

[8865]  FIG. 7 shows a flowchart for preventing leaks from a catheter of an intracardiac
blood pump, according to certain implementations.  Process 700 starts at step 702, where a
conduit is positioned across a first opening of a compartment. The compartment is positioned
adjacent a proximal cnd of a multi-lumen catheter. Tn some implementations, the conduit
extends from the interior of the compartment to a central lumen of the catheter. The conduit
may have a proximal end and a distal end. For example, the compartment and the catheter
may be connected with the conduit extending within and between the two, such that the
proximal end of the conduit is within the compartment and the distal end of the conduit 1s

within the catheter.

20



WO 2020/018742 PCT/US2019/042330

{8066} Process 700 continues to step 704, where sterilization gas is allowed to penctrate
through the conduit. The sterilization gas sterilizes a central lumen of the muldti-lumen
catheter. In some mplementations, the multi-lumen catheter 15 a main tube having a first
diameter and defining the central lumen, with at least one secondary fube runming through the
length of the main tube within the central fumen, the secondary tube having a second
diameter that is less than the first diameter. The sterilization gas may be fed through the
conduit, such that it enters the central lumen (defined by the main tube) of the catheter.. In
some tmplementations, the pump s exposed 1o sterilization gas by being immersed in a gas-
saturated environment. The gas can then penctrate through the proximal end of the conduit,
which may be located within the compartment. The sterilization gas is thus delivered to the
mierior of the catheter to sterilize the central lumen.

{8067} Process 700 continues to step 706, where fhad is passed through a first humen. The
fluid may enter the first lumen from an external source. The first lumen extends through the
compartment and to the distal end of the multi-lumen catheter. For example, fluid may be
passed through the first lumen from an external source to the distal end of the multi-lumen
catheter.

{0068} Process 700 continues to step 708, where the filter prevents egress of hiquid from the
multi-lumen catheter into the compartment, while allowing a flow of gas from the first end of
the conduit to the second end of the conduit. For example, the filter may allow sterilization
gas to reach the central lumen of the catheter but may prevent any liquid within the central
lumen from reaching the compartment post sterilization,

{6665} Though the steps of process 700 are recited i a specific order, the steps can be
completed in any order. In some implementations, gas penetration must ocour prior to the
filter coming in contact with Hguid.

[B876] The foregomng is merely itlustrative of the principles of the disclosure and the
apparatuses can be practiced by other than the described aspects, which are presented for
purposes of illustration and not of limitation. It is to be understood that the apparatuses
disclosed herein, while shown for use in percutaneous insertion of blood pumps, may be
applied to apparatuses in other applications requiring hemostasis.

{8071} Vanations and modifications will occur to those of skill in the art afier reviewing
this disclosure. The disclosed features may be implemented, in any combination and
subcombination {including multiple dependent combinations and subcombinations), with one

or more other features described herein. The various features described or illustrated above,
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mcluding any components thereof, may be combined or integrated in other systems.
Moreover, certain features may be omitted or not implemented.

{0072} Examples of changes, substitutions and alterations are ascertainable by one skilled
i 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:

L.

2

Anintracardiac blood pump system comprising:

a pump comprising a housing and a rotor disposed within the housing;

an elongate mudti-lumen catheter having a proximal end, a distal end and a
central lumen, wherein the distal end is adjacent the pump housing;

a compartment comprising a first opening and one or more side ports, the first
opening of the compartment connected to the proximal end of the elongate multi-
humen catheter, the one or more side ports of the compartment located proximal of the
first opening of the compartment;

at least one electronic element within the compartment;

a first lumen of the clongate multi-lamen catheter configured to carry liquid
from an external source through the one or more side ports of the compartment and
through the first opening of the compartment to the distal end of the elongate multi-
lumen catheter;

a conduit extending through an interface between the compartment and the
multi-lumen catheter, the conduit comprising a first end Jocated proximal of the first
opening and a second end located distal of the first opening, the conduit configured to
carry gas from the first end of the conduit through the first opening of the
compartment to the second end of the conduit, the second end of the condutt being in
fhuid communication with the central lumen of the clongate multi-lumen catheter; and

a filter disposed within the condwit, wheremn the filter 1s configured to prevent

egress of the liquid from the muldti-hunen catheter into the compartment.

The system of claim 1, wherein the filter is configured to allow flow of the gas from

the first end of the conduit through the second end of the conduit and into the multi-lumen

catheter, while preventing cgress of the lipud from the multi-lumen catheter into the

compartment.

3.

The system of any one of the preceding claims, wherein the first lumen passes

through the compartment and wherein the filter is configured to prevent a leak of liquid from

the central lumen passing through the conduit and reaching the compartment.

N
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4. The system of any one of the preceding claims, wherein the filter i1s Jocated proximal

of the first opening of the compartment.

5. The system of any one of the preceding claims, wherem the filter 1s located distal of

the first opening of the compartment.

6. The system of any one of the preceding claims, wherem the filter extends across the

first opening of the compartment.

7 The system of any one of the preceding claims, wherein a portion of the filter extends

within the compartment.

8. The system of any one of the preceding claims, wherein the liquid comprises at least

one of: blood, saline, purge fluid, heparin and ghicose.

9. The system of any one of the preceding claims, wherein the liguid comprises purge
fluid and the purge fluid flows through the first lumen to the rotor to maintain the pump

substantially free of blood.

10, The system of any one of the preceding claims, wherein the filter self-seals when

exposed to fquid.

11, The system of any one of the preceding claims, wherein the filter is gas-permeable

prior to fiquid exposure.

12, The aystem of any one of the preceding claims, wherein the filter comprises a

hydrogel adhered to pore walls of a porous substrate.

13, The system of any one of the preceding claims, wherein the at least one electronic
clement comprises at least one oft a circuit board, a wire, a soldered or surface mounted
clectrical connection, a resistor, a capacitor, an inductor, copper electrical connections, a

Memaory, a pressure transduccr, and a Pressyure seusoer.
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14, The system of any one of the preceding claims, wherein the gas carried by the conduit

is sterilization gas.

1

(e

The system of any one of the preceding claims, further comprising a connector at the
first opening between the compartment and the catheter, wherein the first lumen and the filter

pass through the connector.

16.  The system of claim 15, wherein the connector has an inner volume and the filter fills

at feast 50 percent of the inner volume of the connector.

17. The system of any one of the preceding claims, wherein the filter is sized and shaped

to fit within the conduit.

18.  The system of any one of the preceding claims, wherein the filter 1s in the shape of a

frastum or a narrow cylinder.

19, The system of any one of the preceding claims, wherein the first lumen is within the

central lumen.

20. A method of manufacturing an intracardiac blood pump system comprising a catheter
defining at least one lamen having a lumen cross section, the method comprising:
coating a filter media with a hydrogel;
assembling the coated filter media to form a self-sealing filter, sized and
shaped to have a filter cross section equal to that of the lumen cross section;
positioning the self-sealing filter at a distal end of a scaled compartment;
positioning an clongate catheter such that the self-sealing filter extends
between the sealed compartment and a portion of the elongate catheter, the clongate
catheter defining at least one lumen; and
delivering a sterilization gas to the clongate catheter via a hollow tube

extending through at least a portion of the sealed compartment.

21, The method of claim 20, wherein the filier media compnses at least one of: fibers,

granules, and powder.
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22, A method of preventing leaks in a catheter for an intracardiac blood pump svstem, the
method comprising:
allowing penetration of sterilization gas through a first end of a conduit
through a first opening of a compariment to a second end of the conduit to sterilize a
central humen of a multi-lumen catheter, wherein the conduit is positioned across the
first opening of the compartment and wherein the compartment is positioned adjacent
a proximal end of the catheter; and
passing liquid through a first humen from an external source to a distal end of
the multi-lumen catheter, wherein a filter prevents egress of the liguid from the multi-

lumen catheter into the compartment |
23, The method of claim 22, wherein the filter prevents egress of the liquid from the
multi-lumen catheter into the compartment aticr allowing the flow of gas from the first end of

the conduit to the second end of the conduit.

24, The method of any one of claims 20-23, wherein the intracardiac blood pump system

is the system of any one of claims 1-19.
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