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CATHETER PUMP INTRODUCER SYSTEMS AND METHODS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0081] This application claims priority to U.S. Provisional Patent Application

No. 61/979,937, filed April 5, 2014, the contents of which are incorporated by reference

herein in their entirety and for ail purposes.

BACKGROUND OF THE INVENTION

Field of the Invention

[0082] This application is directed to pumps for mechanical circulatory

support of a heart. In particular, this application is directed to devices used to position

such pumps in a patient using percutaneous or catheter techniques.

Description of the Re ted Art

[0003] Heart disease is a major health problem that as high mortality rate.

Physicians increasingly use mechanical circulatory support systems for treating heart

failure. The treatment of acute heart failure requires a device that can provide support to

the patient quickly. Physicians desire treatment options that can be deployed quickly and

minimally-invasively.

[0004] Infra-aortic balloon pumps ( ΑΒΡ ) are currently the most common type

of circulatory support devices for treating acute heart failure. lABPs are commonly used

to treat heart failure, such as to stabilize a patient after cardiogenic shock, during

treatment of acute myocardial infarction (M ) or decompensated heart failure, or to

support a patient during high risk percutaneous coronary intervention (PCI). Circulatory

support systems may be used alone or with pharmacological treatment.

[0005] In conventional approach, an IABP is positioned in the aorta and

actuated in a counterpulsation fashion to provide partial support to the circulatory system.

More recently minimally- invasive rotary blood pump have been developed in an attempt

to increase the level of potential support (i.e. higher flow). A rotary blood pump is

typically inserted into the body and connected to the cardiovascular system, for example,

to the left ventricle and the ascending aorta to assist the pumping function of the heart.

Other known applications pumping venous blood fro the right ventricle to the

pulmonary artery for support of the right side of the heart. An aim of acute circulatory



support devices is to reduce the load on the heart muscle for a period of time, to stabilize

the patient prior to heart transplant or for continuing support.

[0006J There is a need for improved mechanical circulatory support devices

for treating acute heart failure. Fixed cross-section ventricular assist devices designed to

provide near full heart flow rate are either too large to be advanced percutaneously (e.g.,

through the femoral artery without a cutdown) or provide insufficient flow.

There is a need for a pump with improved performance and clinical

outcomes. There is a need for a pump that can provide elevated flow rates with reduced

risk of hemolysis and thrombosis. There is a need for a pump that can be inserted

minimally-invasively and provide sufficient flow rates for various indications while

reducing the risk of major adverse events. In one aspect, there is a need for a heart pump

that can be placed minimally-invasively, for example, through a 15FR or 12FR incision.

In one aspect, there is a need for a heart pump that can be placed minimally-invasively

and provide high flow rates but minimize obstruction of the vasculature through which

the pump is placed. In one aspect, there is need for a heart pump that can provide an

average flow rate of 4 Lpm or more during operation, for example, at 62. minHg of head

pressure. While the flow rate of a rotary pump can be increased by rotating the impeller

faster, higher rotational speeds are known to increase the risk of hemolysis, which can

lead to adverse outcomes and in some cases death. Accordingly, in one aspect, there is a

need for a pump that can provide sufficient flow while minimizing the likelihood of

hemolysis at high rotational speeds. These and other problems are overcome by the

inventions described herein.

Further, there is a need for providing an operative device of the pump

capable of pumping blood at high flow rates while reducing the risk of hemolysis at the

operative device. For example, when an impeller assembly is provided at the operative

device, the high rate of rotation of the impeller may cause hemolysis, as blood flows past

the high-speed impeller. Accordingly, there is a need for reducing the risk of hemolysis at

the operative device of the pump, particularly when movable components are disposed at

the operative device.

SUMMARY

9] There is an urgent need for a pumping device that can be inserted

percutaneously and also provide full cardiac rate flows of the left, right, or both the left

and right sides of the heart when called for.



[0 10 In one embodiment, a catheter system for a catheter pump is provided

that includes an elongate body an impeller assembly, and a sheath. The elongated

catheter body has a distal portion that includes an expandable cannula. The expandable

cannula has an inlet and an outlet. The expandable cannula has a delivery profile and an

operational profile larger than the delivery profile. The impeller assembly includes an

impeller shaft and an impeller body that includes one or more blades. The impeller

blade(s) draw fluid blood into the cannula when rotated in the fluid. The sheath has a

cannula retention zone disposed over the expandable cannula and a separation zone. The

cannula retention zone has a first configuration in which it is adapted to retain the

expandable cannula in the delivery profile. The wherein the system is adapted to separate

the separation zone into a first portion and a second portion disposed across a gap, the

gap enabling the elongate catheter body to pass between the first and second portion so

that the sheath can be removed from the elongate catheter body.

[0011] In another embodiment, a method is disclosed. The method can

comprise advancing into the vasculature a catheter assembly. The catheter assembly can

include an expandable cannula having an expandable impeller disposed therein and a

sheath having a cannula retention portion disposed over the expandable cannula and the

expandable impeller. The cannula retention portion can retain the expandable cannula

and the expandable impeller in a low profile configuration. The method can further

include providing relative motion between the sheath and the expandable cannula to

expose the expandable cannula to permit the expandable cannula to expand to a high

profile configuration. The high profile configuration can have a larger width than the lo

profile configuration. The first and second portions of the sheath can be separated along

a longitudinal portion thereof to create a gap iherealong. The method can include passing

the elongate body through the gap to cause the sheath to be removed from the catheter

assembly.

[0012] In yet another embodiment, a method is disclosed. The method can

comprise disposing an introducer sheath in the vasculature of a patient. The method can

include introducing a catheter assembly into the proximal end of the introducer sheath

and into the vasculature through the introducer sheath. The catheter assembly can include

an elongate body having an expandable cannula coupled with a distal end thereof. The

catheter assembly can have an expandable impeller being j oumaled for rotation in the

expandable cannula. The expandable impeller can be expanded for operation in a source



of blood. The elongate body can be retracted into the introducer sheath such that the

expandable cannula engages a distal end of the introducer sheath. Relative motion can be

provided between the introducer sheath and the expandable cannula to compress the

expandable cannula. The introducer sheath and the catheter assembly can be removed

from the patient.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] A more complete appreciation of the subject matter of this application

and the various advantages thereof can be realized by reference to the following detailed

description, i which reference is made to the accompanying drawings in which:

[0014] Figure 1 illustrates one embodiment of a extracorporeal portion of a

catheter pump configured for percutaneous application and operation;

[0015] Figure 2 is plan view of one embodiment of a catheter assembly

adapted to be used with the catheter pump of Figure 1, a distal portion of which is

inserted into the vasculature of a patient in use

[0 16] Figures 3A-3C illustrate the relative position of an impeller blade and

an inner surface of an impeller housing or cannula in an undeflected configuration;

[0017] Figure 4 shows the catheter assembly similar to that of Figure 2 in

position within the anatomy;

[0018] Figure 5 shows an embodiment of a catheter assembly similar to that of

Figure 2. with a sheath that can be removed from the vasculature of a patient while the

working end of the pump is in operation;

[0019] Figure 5A shows a graph of an axial force that may be required to be

applied to an outer sheath;

[0020] Figure 6 shows a simplified embodiment of a catheter assembly with a

sheath that can be remo ved from the vasculature of a patient while the working end of the

pump is in operation:

[0021] Figures 7 & 7A illustrate more details of a removeable sheath and the

relationship of the sheath to components that it houses during introduction: and

[0022] Figures 8-13 illustrate methods of using a catheter assembly including

a removeable sheath assembly as discussed herein

[0023] More detailed descriptions of various embodiments of components for

heart pumps useful to treat patients experiencing cardiac stress, including acute heart

failure, are set forth below.



DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

[0024] This application is directed to apparatuses for inducing motion of a

fluid relative to the apparatus. In particular, the disclosed embodiments generally relate

to various configurations of devices for pereutaneousiy delivering a distal portion of a

catheter pump. As discussed in greater detail below, such devices provide reduced or

minimized blood flow obstruction in the vasculature in which the catheter pump is

disposed. For example, in the disclosed embodiments, one or more layers of a distal

portion of the catheter assembly can be removed to reduce the profile of the distal portion

during operation of the pump. In some embodiments a temporary protector is provided

for expandable and/or delicate structures of a catheter pump assembly. In some of the

disclosed embodiments, the function of collapsing an expandable portion of the catheter

pump and of providing initial access to the vasculature is performed by the same

structure.

- CATHETER P MP SYSTEM AND METHOD

[0025] Figures 1-4 show aspects of one embodiment of a catheter pump

that can provide high performance flow rates. Various additional aspects of the pump and

associated components are similar to those disclosed in U.S. Patent Nos. 7,393,181,

8,376,707, 7,841 ,976, 8,535,21 1, 8,597,170, 8,485,961, 8,591,393, 7,022,100, and

7,998,054 and U.S. Pub. Nos. 2012/0178986, 2013/0303970, 2013/0303969,

2013/0303830, 2014/0012065, and 2014/0010686 the entire contents of which are

incorporated herein for all purposes by reference. In addition, this application

incorporates by reference in its entirety and for all purposes the subject matter disclosed

in each of the following concurrently filed applications: U.S. Patent Application Nos.

14/203,978, which corresponds to attorney docket no. THOR.084A, entitled "FLUID

HANDLING SYSTEM " and 14/209,889, which corresponds to attorney docket no.

THQR097A, entitled "CATHETER PUMP ASSEMBLY INCLUDING A STATOR,"

filed o March 13, 2014 and PCT Patent Application Nos. PCT/US20 4/020790 which

corresponds to attorney docket no. THOR.084WO, entitled "FLUID HANDLING

SYSTEM," and PCT/US2.0 14/020878 which corresponds to attorney docket no.

THOR.097WO, entitled "CATHETER PUMP ASSEMBLY INCLUDING A STATOR,"

filed on March 5, 2014.



A. Catheter Pump System

The pump 10 includes a motor driven by a controller 22. The

controller 22. directs the operation of the motor 4 and an infusion system 26 that supplies

a flow of infusate in the pump 10. A catheter system 80 that can be coupled with the

motor 4 houses an impeller within a distal portion thereof. The catheter system 80 has a

coupling 90 that can be engaged with the motor 4 in certain embodiments. n various

embodiments, the impeller is rotated by the motor 4 when the pump 0 is operating. For

example, the motor 4 can be disposed outside the patient. In some embodiments, the

motor 4 is separate from the controller 22, e.g., to be placed closer to the patient. In

other embodiments, the motor 4 is part of the controller 22. In still other embodiments,

the motor is miniaturized to be insertable into the patient. Such embodiments allow the

drive shaft to be much shorter, e.g., shorter than the distance from the aortic valve to the

aortic arch (about 5 cm or less). Some examples of miniaturized motors catheter pumps

and related components and methods are discussed in U.S. Patent Nos, 5,964,694;

6,007,478; 6,178,92.2; and 6,176,848, all of which are hereby incorporated by reference

herein in their entirety for all purp oses

[ 27] Figure shows features that facilitate small blood vessel percutaneous

delivery of a high performance pump head, including a pump head capable of producing

up to and in some cases exceeding normal cardiac output in all phases of the cardiac

cycle. In particular, the catheter system 80 includes a catheter body 84 and a sheath

assembly 88. In one embodiment a blood flow assembly 92 (sometimes referred to herein

as an impeller assembly ) is coupled with the distal end of the catheter body 84. At least a

portion of the blood flow assembly 92 is expandable and collapsible. For example, the

blood flow assembly 92 can include an expandable and collapsible cannula 202. The

cannula 202 can be formed of a superelastic material, and in some embodiments, may

have various shape memory material properties. The blood flow assembly 92 also can

include an expandable and collapsible impeller 300 (see Figures 3B-3C). The cannula

202 and impeller 300 are discussed more below. n the collapsed state, the distal end of

the catheter system 80 can be advanced to the heart, for example, through an artery. In

the expanded state the blood flow assembly 92 is able to pump or output blood at high

flow rates. Figures 2-4 illustrate the expanded state of one embodiment. The collapsed

state can be provided by advancing a distal end 94 of an elongate body 96 of the sheath



assembly 88 distally over the cannula of the blood flow assembly 92 to cause the blood

flow assembly 92 to collapse. Tn embodiments below, variations of the sheath assembly

88 can be removed at least i part. Tn one variation discussed further below, a separation

device 500 is provided on the catheter system 80 to induce or ease segmentation of the

sheath assembly 88 or portions thereof into separate parts. The separation device 500 can

include one or more fins that are disposed on the proximal portion of the elongate body

84 of the catheter system 80. The fins can be rigid protrusions of disposed on at least

partially on the body 84 or disposed on a portion of the coupling 90. The separation

device 500 can be disposed at least in part on a strain relief portion disposed between the

coupling 90 and the elongate body 84. As discussed further below, in such embodiments

other structures are used to collapse the cannula 202 and the impeller 300 after these

components are expanded inside the patient. This provides an outer profile throughout

the catheter assembly 80 that is of small diameter, for example a catheter size of about

12 5 Fr. This also provides that the operational profile of the catheter assembly can be

reduced or minimized as discussed further below.

, impeller and Cannula Features, Deployment, and Operation

[0028] With reference to Figures 3A-3C, the operative device of the pump can

include the impeller 300, which has one or more blades 303. The one or more blades 303

can extend from an impeller hub 3 1 It can be desirable to increase the flow rate of the

heart pump while ensuring that the impeller 300 can be effectively deployed within a

subject. For example, an impeller can include one or more blades 303 that are configured

to be inserted into a subject in a stored, or compressed, configuration. When the impeller

300 is positioned in the desired location, e.g., a chamber of a subject's heart as shown in

Figure 4, the blade(s) 303 of the impeller 300 can self-expand into a deployed or

expanded configuration, in which the blade(s) 303 extends radially from a hub 301 .

[0029] As shown in Figures 3A-3B, the impeller 300 can be positioned within

the cannula or housing 202. A free end of the blades 303 can be separated from the wall

W of the housing 202 by a tip gap G. The housing 202. can also have a stored, or

compressed configuration, and a deployed or expanded configuration. The housing 202

and impeller 300 may deploy from the stored configurations from within the sheath

assembly 88 into the expanded configuration. In such implementations, the sheath

assembly 88 can keep the blade(s) 303 and the housing 202 compressed until the blade(s)

303 and housing 2.02 are urged from within a lumen of the sheath assembly 88 Once the



blade(s) 303 are released from the sheath assembly, the blade(s) 303 can self-expand to a

deployed configuration using strain energy stored in the blades 303 due to deformation of

the blade(s) 303 within the sheath assembly 88. The expandable housing 202 may also

self-deploy using stored strain energy after being urged from the sheath. The combined

energy stored in the expandable housing 202 and blades 303 generates a force that

preferably is opposed by the distal portion of the elongate body 96 of the sheath assembly

88. Thus, this portion should be of robust design to avoid premature deployment of the

housing 202 and blades 303, e.g., prior to positioning in the heart or other source of

blood.

[0030] Variations of the sheath assembly 88 are configured to be removed

(e.g., by one or more seams) from the patient's body and in some cases entirely from the

catheter body 84 to lower the profile of the portion of the catheter system 80 in the body.

Removing the sheath assembly 88 has a number of benefits discussed further below

including opening up space in the vasculature for blood flow around the remainder of the

catheter system 80 that remains in the vasculature after the sheath assembly is removed.

By providing such additional flow, the ability of the patient to tolerate the presence of the

implanted portions of the pump 10 is enhanced. Catheter pumps typically have a large

diameter relative to the access vessels and thus pose a meaningful risk of limb ischemia

and other complications. Accordingly, even small reductions i diameter and increased

blood flow around the device ca be advantageous. Also, by enabling a portion of the

catheter pump that is initially placed in the access vessel to be removed, a less invasive

access technique can be provided. For example, the skin and blood vessel puncture can

be smaller i size be removing one or more layers during or shortly after placement of the

pump. For example, the presence of the body of the sheath contributes to the overall

profile of the assembly passing through the skin and into the blood vessel. The skin and

blood vessel can stretch for a short time which can enable the puncture to be the same

size or even a bit smaller than the initial profile of the catheter assembly. By removing

the sheath 88, the degree of stretch, the time during which the punctured tissues are

stretched or both the degree and time are reduced which enables he punctures to be

smaller and/or to avoid surgical cut-clown while maintaining the size of the internal

components (e.g., cannula, impeller, and drive shaft). These and other benefits and

structures a e discussed further below.



3 ] In the stored configuration, the impeller 300 and housing 202. have a

diameter that is preferably small enough to be inserted percutaneously into a patient's

vascular system. Thus, it can be advantageous to fold the impeller 300 and housing 202

into a small enough stored configuration such that the housing 202 and impeller 300 can

fit within the patient's veins or arteries, particularly small veins or arteries that are

peripheral and superficial, e.g., femoral veins or arteries, jugular and subclavian veins,

radial and subclavian arteries. n some embodiments, therefore, the impeller 300 can

have a diameter in the stored configuration corresponding to a catheter size between

about 8 Fr and about 2.1 Fr In one implementation, the impeller 300 can have a diameter

in the stored state corresponding to a catheter size of about 7 Fr. In one implementation,

the impeller 300 can have a diameter in the stored state corresponding to a catheter size of

about 9 Fr. In one implementation, the impeller 300 can have a diameter in the stored

state corresponding to a catheter size of about 10 Fr. In other embodiments, the impeller

300 can have a diameter in the stored configuration between about 12 Fr and about 2 1 Fr.

For example, in one embodiment, the impeller 300 can have a diameter in the stored

configuration corresponding to a catheter size of about 12.-12.5 Fr.

[0032] When the impeller 300 is positioned within a chamber of the heart,

however, it can be advantageous to expand the impeller 300 to have a diameter as large as

possible in the expanded o deployed configuration. In general, increased diameter of the

impeller 300 advantageously increases flow rate through the pump at a given rotational

speed. A larger diameter impeller can also lead to an improved ratio of fl o rate to

hemolysis rate. In some implementations, the impeller 300 can have a diameter

corresponding to a catheter size greater than about 12 Fr in the deployed configuration.

In other embodiments, the impeller 300 can have a diameter corresponding to a catheter

size greater than about 2. Fr in the deployed or expanded configuration.

[0033] In various embodiments, it can be important to increase the flow rate

of the heart pump while ensuring that the operation of the pump does not harm the

subject. For example, increased flow rate of the heart pump can advantageously yield

better outcomes for a patient by improving the circulation of blood within the patient.

Furthermore, the pump should avoid damaging the subject. For example, if the pump

induces excessive shear stresses on the blood and fluid flowing through the pump (e.g.,

flowing through the cannula), then the impeller can cause damage to blood cells, e.g.,

hemolysis. A high hemolysis rate over an extended period can lead to negative outcomes



and complications for the subject like stroke, excessive bleeding, anemia, and

hypertension. Also, the presence of the distal portion of the catheter system 80 within the

body is at least partially obstructive. That is, the catheter body 84 blocks flow to an

extent, e.g., to peripheral regions of the body and smaller branch arteries when applied in

the arterial vasculature. The distal end 94 of the sheath assembly 88 also presents a

blocking surface to blood following the outer surface of the body 84 As will be

explained below, various cannula, system, and/or impeller parameters can affect the

pump's flow rate as well as conditions within the subject's body.

[0034] When activated, the pump 0 can effectively increase the flow of blood

out of the heart and through the patient's vascular system. In various embodiments

disclosed herein, the pump 0 ca be configured to produce a maximum flow rate (e.g.

low mm Hg) of greater than 4 Lpm, greater than 4.5 Lpm, greater than 5 Lp , greater

than 5.5 Lpm, greater than 6 Lpm, greater than 6.5 Lpm, greater than 7 Lpm, greater than

7.5 Lpm, greater than 8 Lpm, greater than 9 Lpm, or greater than 10 Lpm. In various

embodiments, the pump can be configured to produce an average flow rate of greater than

2 Lpm, greater than 2.5 Lpm, greater than 3 Lpm, greater than 3.5 Lpm, greater than 4

Lpm, greater than 4.25 Lpm, greater than 4.5 Lpm, greater than 5 Lpm, greater than 5.5

Lpm, or greater than 6 Lpm.

C. Exemplary Left Ventricle Support Application

[0035] Figure 4 illustrates one use of the catheter pump 10. distal portion

of the pump 0, which can include an impeller assembly 92, is placed in the left ventricle

(LV) of the heart to pump blood from the LV into the aorta. The pump 0 can be used in

this way to treat patients with a wide range of conditions, including cardiogenic shock,

myocardial infarction, and other cardiac conditions, and also to support a patient during a

procedure such as percutaneous coronary intervention. One convenient manner of

placement of the distal portion of the pump in the heart is by percutaneous access and

delivery using the Seldinger technique or other methods familiar to cardiologists. These

approaches enable the pump to be used in emergency medicine, a catheter lab and in

other non-surgical settings. Inventive variations of these methods are discussed in

connection with Figures 13- 8 below. Modifications can also enable the pump 10 to

support the right side of the heart. Example modifications that could be used for right



side support include providing delivery features and/or shaping a distal portion that is to

be placed through at least one heart valve from the venous side, such as is discussed in

U.S. Patent and Patent Publication Nos. 6,544,216; US 7,070,555; and US 2012-

0203056A1, all of which are hereby incorporated by reference herein in their entirety for

all purposes.

. REDUCING THE CATHETER ASSEMBLY PROFILE IN OPERATION

36] As noted above, one aspect of biocompatibility of the pump 0 is the

degree to which it obstructs blood flow in the patient. That is, the catheter assembly 80

takes up some of the cross-sectional area of the blood vessels in which it is disposed. If

the space occupied by one or more layers can be reduced or eliminated in one or more

phases of operation of the pump 10 the flow of blood through the vasculature in which

the pump is disposed and to branch vessels will be improved. Furthermore, while the

sheath assembly 88 is very useful in maintaining the impeller assembly 92 in a low

profile configuration for delivery, it is unnecessary during the actual operation of the

pump . Because the distal end 94 of the sheath assembly 88 has some thickness it will

necessarily create blockage and a disturbance in the flow of blood along the catheter body

84. That is blood may be flow in an organized manner along the body 84 just upstream of

the distal end 94 but wi l be disrupted at the distal face of the distal end 94.

A. Removable Retainer For impeller Assembly

[0037] Figure 5 shows a catheter assembly 400 similar to the catheter

assembly 80 except that the catheter assembly 400 is made lower profile by configuring

at least one layer to be removed before or during operation of the pump. The assembly

400 includes a sheath assembly 404 that can be disposed over the catheter body 84 The

sheath assembly 404 includes a distal end 408, a proximal end 4 , and an elongate body

416 that extends between the distal and proximal ends 408, 4 2. The elongate body 4 6

has at least one lumen disposed therein. A lumen in the elongate body 4 6 can house the

elongate body 84 of the catheter assembly 400. The elongate body 84 can be disposed in

the lumen of the elongate body 4 6 pennitting relative movement of the elongate bodies

84, 4 6 as discussed below. In one embodiment, a lumen is provided in the elongate

body 4 6 for sensing pressure at the distal end 408 In one embodiment, a pressure



sensing lumen is contiguous with the lumen within which the elongate body 84 is

disposed n one embodiment, a pressure sensing lumen is separate from the lumen

within which the elongate body 84 is disposed.

38] At least a portion of the sheath assembly 404 is configured to separate

from the elongate body 84 in a controlled manner at a selected time. This enables the

catheter assembly 400 to be delivered as discussed below and then to permit the sheath

assembly 404 to be removed from the body. In one embodiment, a separation zone 420 is

provided along the elongate body 4 6 to enable the elongate body 4 6 to be opened such

that the elongate body 84 can pass through the separation zone 420. n one embodiment,

the separation zone 420 enables the elongate body 6 to be separated into a plurality of

pieces or segments. In one embodiment, the separation zone 42.0 comprises a linear seam

disposed along the elongate body 4 6. The separation zone 420 comprises two seams in

one embodiment, one of the seams disposed along a first later side of the elongate body

416 and another of the seams disposed along a second later side of the elongate body 4 6.

Two of a plurality of seams can be disposed at 180 degrees apart from each other on the

elongate body 416. Figures 7 and 7A illustrate opposed seams in more detail, as

discussed further below. In one embodiment the separation zone 420 extends from the

distal end 408 proximally toward, and in some cases entirely to, the proximal end 2. In

another embodiment, the separation zone 420 extends from the proximal end 412 toward

the distal end 404 of the elongate body 416.

[0039] The separation zone or zones 420 can have any suitable configuration

that facilities separating the elongate body 416 into a plurality of pieces or (hat facilitates

changing the configuration of the elongate body 4 6 from a tubular body to one or more

sheet-like body. An advantage of such separation is that the sheath assembly 404 can be

removed from the catheter assembly 400 without removing the motor coupling 90 from

the proximal end of the system 400 and without greatly lengthening the elongate body 84.

[0040] In another embodiment, the separation zone 420 extends along the

elongate body 4 6 and has a distal end that is proximal of the distal end 404. By spacing

the distal end of the separation zone 420 from the distal end 408 of the elongate body 4 1

the outward load or shear or separation force that can be borne by the elongate body 4 1

can be greater adjacent to the distal end thereof. In one embodiment, the elongate body

4 6 can be configured such that a first outward force, or shear or separation force can be

borne in a region adjacent to the proximal end 412 and a second outward force, shear, or



separation force greater than the first outward force, shear, or separation force can be

borne by the elongate body 416 adjacent to the distal end 408

[0041] Different outward, shear, or separation force capability can be

provided in any suitable manner. For example, the separation zone 420 can have a first

seam i a proximal portion of the elongate body 416 and a second seam in a distal portion

of the elongate body 4 . The fsrst and second seams can be disposed along a continuous

ine or plane, e.g., along an axis parallel to the longitudinal axis of the elongate body 4 6.

The first seam can have a first plurality of bridges separated by space and the second

seams can have a second plurality of bridges separated by space, the dimension of the

bridges along the longitudinal axis being greater in the second seam than i the first seam.

The first seam can have a first plurality of bridges spanning between and coupling

expanses of the elongate body 4 6 on opposite sides of the separation zone, the bridges

being separated by space. The second seams can have a second plurality of such bridges

separated by space. The dimension of the bridges along the longitudinal axis of the

separation zone 420 can be greater in the second seam than in the first seam. In another

embodiment, the radial thickness (e.g., wall thickness or dimension transverse to the

longitudinal axis) is greater i the second seam than in the first seam.

42] In one embodiment, a first lateral separaiion zone is provided along a

first lateral side of the elongate body 4 6 and second lateral separaiion zone is provided

along a second lateral side of the elongate body 416. The first and second lateral sides

can oppose each other, e.g., by being about 180 degrees apart. This is illustrated in

connection with the embodiment of Figures 7 and 7A. The first and second lateral

separation zones can each have a composite seam. The composite seam can include a

first portion adjacent the proximal end and a second portion adjacent to the distal end.

The second portion can have a higher resistance to separation along the second portion

than is provided in the first portion. By providing higher resistance to separation toward

the distal end of the sheath assembly 404, e.g. with composite seam, the sheath

assembly can be configured to bear the outwardly directed load from the impeller

assembly 92 without inadvertently or prematurely tearing or separating. In some

embodiments, the sheath assembly can be configured such that tear away or separation

force is small enough to facilitate separation or tearing by a user, while remaining high

enough such that the cannula expansion force does not prematurely induce tearing or

separation. For example, the assembly can be configured such that the tearing or



separation force cars be greater than the forces illustrated in Figure 5A. Figure 5A shows

a graph of an axial force that may be required to be applied to an outer sheath, such as by

the sheath assembly 88, disposed about the catheter body as the sheath assembly 88 is

advanced distally along the cannula. Additional details associated with Figure 5A may be

found in Figure 7 and described in the associated disclosure of U.S. Patent Publication

No. US 20 4/0 065, which is mcoiporated by reference herein in its entirety and for all

purposes.

43] Figure 5 shows that the sheath assembly 404 can include a side branch

432 extending from a hub 436. The side branch 432 can serve one or more of several

purposes. For example, the side branch 432 can have a lumen in fluid communication

with a lumen disposed within the elongate body 4 6. A fluid connector can be disposed

at the proximal end of the side branch 432 to couple the side branch with another device,

such as a source of fluid. The fluid from the source of fluid can be directed into the side

branch 432 and thereafter into a lumen in the elongate body 4 6. Such fluid can be used

to reduce the force needed to provide relative motion between the elongate body 84 and

the elongate body 4 6. The lumen within the side branch 432 can have a pressure sensing

function. For example, the side branch 432 can be in fluid communication with a

pressure sensing device or lumen disposed in the elongate body 416. Such a sensing

lumen can be used to track the position of the distal end of the catheter assembly 400.

44] Figure 6 shows a simplified embodiment of a catheter assembly 450

with a sheath assembly 454 that can be removed from a patient while the working end of

he pump 0 including the catheter assembly 450 is in operation. The sheath assembly

454 is similar to he sheath assembly 404 except that i includes a low profile hub 456

without a side branch. The hub 456 is disposed at a proximal end 462 opposite a distal

end 458. The hub 456 includes two lateral handles 464A, 464B that can be grasped by

he clinician to provide relative movement of a body 466 of he sheathe assembly 454

ove the elongate body 84. The lateral handles 464A, 464B can also be used to cause the

hub 456 to separate into two pieces as discussed further below in connection with Figures

and 7A. A separation zone in the hub 456 (e.g., seam) is disposed immediately proximal

of and/or overlaps with a separation zone 470 (e.g., a seam) in the body 466 of the sheaih

assembly 454. The separation zone 470 can be disposed at one or a plurality of locations

about the body 466 and can be composite in nature as discussed above.



45] Figures 7 and 7A convey further details of the sheath assembly 454.

Figure 7 shows two configurations the sheath assembly 454. A first configuration is

provided for delivering the catheter assembly 450 into the patient. That is, the body 466

and the hub 456 are intact. A circular inner and outer periphery can provided, at least in

the elongate body 466 of the sheath assembly 454. The first configuration is shown by

solid lines in the hub 456 and a proximal portion of the body 466. A second

configuration is provided, as illustrated by the dashed lines in the hub 456 and the

proximal portion of the body 466 in which the handles 464A, 464B are separated from

each other. In the second configuration the proximal portion of the elongate body 466 is

separated into at least two portions or segments, i.e., a first segment 472A and a second

segment 472B. m some methods discuss below the separation shown in Figure 7

continues to the distal end of the separation zone 470.

[0046J Figures 7 and 7A illustrate further features. For example, the

separation zone 470 can include a first portion 476 and second portion 480. The first

portion 476 is disposed in a proximal portion of the elongate body 466 and the second

portion 480 is disposed in a distal portion of the elongate body 466 The proximal

portion 476 has a lower resistance to tearing. Accordingly, the proximal portion 476 is

configured to resist relatively low radially outward forces or pressures. Such

configuration is suitable because the lower portion is not required to retain any-

compressed structures. As result, a relatively low force applied to the handles 464A,

464B or to the proximal ends of the segments 472A, 472B causes the handles and/or

segments to separate to the second (dashed outer profile) configuration. The distal

portion 480 has a higher resistance to tearing. This is advantageous in that the distal

portion 480 overlies the expandable cannula 202 and the expandable impeller 300. The

impeller and cannula store strain energy when compressed and are continually pressing

outwardly on the sheath assemblies 404, 454. Accordingly, by elevating the tear

resistance in the distal portion 480, the sheath assembly 454 will not inadvertently or

prematurely be force open by the stored strain energy of the cannula 202 and the impeller

300. Figure 7A shows the packing of these components within the distal portion 480 The

impeller 300 is shown schematically somewhat enlarged in the impeller shape but when

compressed would be highly deformed and compacted to be disposed within a projection

of the body 84 (shown in dashed lines) and also would be disposed within the compressed

cannula 202, which would also be compressed to be disposed within the body 84.



Because these structures are generally compressed to be contained within a volume

having a radius of about one-half or less than the un-compressed radius, high outward

forces are applied by these compressed structures on the distal portion of the body of the

sheath assembles 404, 454.

[0047] Figures 7 and 7A show that the separation of the segments 472. A, 472B

can be facilitated by one or more separation zones, e.g., one or more unitary and/or

composite seams. As used in this context a unitary separation zone or same is one that

has a uniform resistance to tearing along the length of the separation zone or seam. The

separation zones 470A, 470B can be opposed, e.g., on opposite sides of the sheath body

466. The separation zones 470A, 470B can have a composite structure with more

resistance to tearing i the distal portion 480 than in the proximal portion 476.

, Methods of Deployment of Catheter P p with Removable ter Sheaths

[0048] Figures 8- 3 illustrate methods of applying catheter systems discussed

herein. These images are schematic in order to simplify the illustration but would

generally include the components discussed above and illustrated in the figures.

[0049] Figure 8 shows a simplified diagram of the vasculature that is traversed

in one technique for applying the catheter assembly 450. The catheter assembly 450 is

shown in place in one operational configuration. The catheter body 84 which houses a

drive cable to cause the impeller 300 to rotate within the cannula 202 is disposed through

an introducer sheath I . Between the catheter body 84 and the introducer sheath 1 is a

sheath assembly, for example the sheath assembly 454. The sheath assembly 454 is

moveable over the elongate body 84 between a distal position in which the distal end of

the body 466 is disposed over the cannula 202 and a proximal position which of the

elongate body 466 of the sheath assembly 454 is disposed proximal of the cannula 202.

Figure 8 shows the sheath assembly 454 in the proximal position. A separation zone

470A extends along a length of the body 466 of the sheath assembly 454. In some

embodiments the separation zone 470A extends from the proximal end to the distal end of

the sheath assembly 454.

[0050] Figures 9-12 illustrates steps that enable the catheter assembly 450 to

be positioned as shown in Figure 8. Figure 9 shows that a guidewire G is placed through

a small incision or a needle or other small cannula (not shown) into a . peripheral vessel.

The guidewire G is advanced from the peripheral access site toward the heart. The



peripheral access site is generally the femoral artery, though other vessels could he used

as discussed above. For example, on the venous side, the femoral vein or the internal

jugular vein could be accessed for supporting the right side of the heart. Figure 1 shows

that the guidewire G provides an access tool for inserting an introducer sheath I that

provides a window into the vasculature large enough to deliver the catheter assembly 450

(or variants including the other catheter assemblies described herein). Figure 10 is

exaggerated to show that the introducer sheath I can provide significant obstruction of the

blood vessel in which access is provided and also downstream of such vessels and

locations

[ 05 ] Figure shows the introduction of the catheter assembly 450 into the

vasculature through the introducer 1. The catheter assembly 450 generally extends

proximaUy and distally of the illustration as indicated by the break lines. n the distal

direction, the catheter assembly 450 is advanced up the descending aorta to ultimately be

positioned in the heart, as in Figures 4 and 8. A intermediate portion of the catheter

assembly 450 including an intermediate portion of the sheath assembly 454 extends

through the abdominal aorta (as shown) and into the thoracic aorta (not shown). n these

positions the body 466 of the sheath assembly 454 also provides some obstruction to

blood flow in the vasculature.

[0052] The impeller 300 and the cannula 202 a e deployed by providing

relative motion between these components and distal end of the body 466 of the sheath

assembly 454. Once the distal end of the body of the sheath assembly 454 is disposed

proximally of the proximal end of the cannula 202 the cannula and the impeller 300 will

have been permitted to expand. As this point, the sheath assembly 454 provides no role

in the operation of the pump 1 and can be removed.

[0053] Removal of the sheath assembly 454 can be as illustrated and

described in connection with Figures 7 and 7A. For example, the handles 464A, 464B

which are disposed outside the body of the sheath assembly 454 can be pulled apart

which commences the separation of the segments of the sheath assembly 454. Pulling the

handles 464A, 464B apart can be accomplished by applying a force transverse to the

longitudinal axis of the body 466. In certain embodiments one or more fins 500 (see

Figure 2) can be provided to aid in separating the handles 464A, 464B and/or to

propagate a gap in the separation zone or zones 470A, 470B. The fins 500 can be used in

a system where one or both of a proximal hub or elongate body of a sheath are not pre-



formed with a seam or other structure to reduce the tear force of the sheath. Thus, a

catheter system can be configured to segment a sheath assembly even if the sheath

assembly is not specifically adapted to tear along a pre-formed zone. Figures 5 and 6

show embodiments of the sheath assembly positioned 90 degrees from the position in

which the fins 500 would engage the separation zone or zones in other words, a 90

degree relative rotation of the sheath assembly 90 relative to the elongate body 84 would

align the fins 500 with the separation zones 470, 470A, 470B. The fins 500 would play a

role in initially separating the handles 464A, 464B by pulling the proximal face of the

handles 464A, 464B into contact with the fins 500 until the handles 46 A, 464B separate

from each other. The fins would then further slide in the separation zone form a gap

therein. The body 84 of the catheter assembly 450 can be held in position while the

handles 464A, 464B are withdrawn and pulled laterally to further separate the body 466

of the sheath assembly 454.

4] Figure . shows a proximal portion of the body 84 of the catheter

assembly 450 extending out of the proximal end of the introducer 1 and distal portion of

the body 84 exposed in the abdominal aorta distal of the distal end of the introducer I .

This configuration eliminates the thickness of the body 466 of the sheath assembly 454

between the distal end of the introducer I and the distal end of the position of the body

466 as illustrated in Figure 8 . Eliminating this layer increases the space available for

blood flow by at least about 5% and in some ases between about 5% and about 15%. In

other embodiments, eliminating the body 466 increases the space available for flow by at

least about 5 % and in some cases between about 5% and about 20%. Eliminating the

body 466 decreases the degree of stretch of the tissues at the puncture site to reduce the

likelihood of tearing and/or to eliminate the need for surgical eutdown at the skin or

blood vessel access site. n addition, the distal face of the sheath assembly 454 can

generate flow disturbances, can be an origin for thrombosis formation and can be lodged

o plaque when advanced or, if not operated properly, interfere with the aortic valve

leaflets when advanced to collapse the cannula 202 and impeller 300. Thus, eliminating

the sheath assembly 454 after the cannula 202 is expanded and during operation of the

impeller 300 can improve the overall performance of the pump 10.

[0055] Figure 13 illustrates technique for collapsing the cannula 202 and

impeller 300 to remove them from the patient. In particular, after the pump 10 is halted

and no longer operating to pump blood, the impeller 300 is stationary in the cannula 202.



The body 84 of the catheter assembly 450 can be retracted from outside the patient That

is a pulling force is applied to the proximal end of the body 84 to provide movement of

the body 84 relative to the introducer I such that a distal portion of the body 84 is pulled

across the aortic valve and out of the heart. The cannula 202 and impeller 300 are

flexible and compressible and thus are atraumatic to the valve leaflets. Further retraction

of the body 84 pulls the distal end of the body 84 and cannula 202 with impeller 300

disposed therein along the ascending aorta, over the aortic arch and down the descending

aorta. Further retraction of the body 84 pulls the proximal end of the cannula 202 into

adjacency with the distal end of the introducer I as illustrated in Figure 13. The

introducer I is configured with sufficient stiffness at the distal end thereof to compress the

cannula. Although the introducer I has a bore large than the sheath body 466 so does not

require as much compression to initially receive the cannula 202 and impeller 300. n

some embodiments, the distal end of introducer I can be shaped to enhance the collapse

of the cannula 202 For example, the distal end of the introducer I can comprise shapes

and arrangements similar to those illustrated in Figures 17A-17D and the associated

disclosure of US Patent Publication No. US 2 2/0 8986, which is incorporated by

reference herein in its entirety and for all purposes.

[0056] In one variation, the impeller 300 is configured to be retracted into a

collapsed position prior to the collapsing of the cannula 202. A drive shaft that is coupled

with the impeller 300 can be provided with a mechanism to shift the position of the

impeller from a deployed position (as in Figure 13) to a stored position within an interior

space of the body 84 or of a structure coupled with the body 84. Such structures are

discussed in more detail in U.S. Patent No. 7841976 and in U.S. Patent Publication

2012/0178986 (also included as an Appendix), both of which are incorporated by

reference for further discussion of these features and in their entirety. By shifting the

impeller 300 into this stored position the stiffness of the distal portion of the catheter

assembly 450 can be greatly reduced. Reduced stiffness of the distal portion of the

catheter assembly 450 makes the distal portion of the catheter assembly easier to extract

from the patient in a biocompatible manner.

[0057] Once the distal portion of the catheter assembly 450 is disposed in the

introducer I the introducer I and the distal portion of the catheter assembly 450 can be

removed sequentially or together.



8] Although the inventions herein have been described with reference to

particular embodiments, it is to be understood that these embodiments are merely

illustrative of the principles and applications of the present inventions. It is therefore to

be understood that numerous modifications ca be made to the illustrative embodiments

and that other arrangements can be devised without departing from the spirit and scope of

the present inventions as defined by the appended claims. Thus, it is intended that the

present application cover the modifications and variations of these embodiments and their

equivalents.



WHAT CLAIMED IS:

. A catheter system for a catheter pump, comprising:

an elongate catheter body having a distal portion including an expandable

cannula having an inlet and an outlet, the expandable cannula having a delivery

profile and an operational profile larger than the delivery profile;

an impeller assembly including an impeller shaft and an impeller body

including one or more blades, the impeller blade(s) drawing fluid into the cannula

when rotated in the fluid;

a sheath having a cannula retention zone disposed over the expandable

cannula and a separation zone, the cannula retention zone having a first

configuration adapted to retain the expandable cannula in the delivery profile;

wherein the system is adapted to separate the separation zone into a first

portion and a second portion disposed across a gap, the gap enabling the elongate

catheter body to pass between the first and second portion so that the sheath can

be removed from the elongate catheter body.

2. The catheter system of Claim I, wherein the cannula retention zone

comprises a first resistance to tearing, the sheath having an elongate zone proximal of the

cannula retention zone having a second resistance to tearing, the second resistance to

tearing being lower than the first resistance to tearing.

3. The catheter system of any of Claims I and 2, wherein the separation zone

includes a composite seam.

4. The catheter system of Clai 3, wherein the composite seam includes a

first perforated segment disposed in the cannula retention zone and a second perforated

segment disposed proximally of the cannula retention zone, the first perforated segment

including perforations with less density than in the second perforated segment.

5. The catheter system of any of the preceding claims, wherein the separation

zone includes a first portion and a second portion opposed to the first portion such that

the sheath can be separated into two segments.

6. The catheter system of Claim 5 wherein the first and second portions are

disposed on opposite sides of the body of the sheath.

7. The catheter system of any of the preceding claims, further comprising

handles disposed on the proximal end of the sheath the handles having a first

configuration for providing relative motion between the sheath and the elongate body and



a second configuration for changing the configuration of the sheath from a tubular

configuration to a sheet-like configuration

8. The catheter system of any of the preceding claims, wherein a separation

device is disposed on the catheter system proximal of the sheath at least when the cannula

retention zone of the sheath is disposed over the expandable cannula.

9. The catheter system of any of the preceding claims, wherein the separation

device comprises at least one fin disposed on the elongate catheter body.

10. The catheter system of any of the preceding claims, wherein the sheath

includes a side branch having a lumen.

1 . The catheter system of Claim 10, further comprising a pressure sensing

device adapted to detect pressure at the distal end of the sheath.

12. The catheter system of Claim 1, wherein the pressure sensing device is

coupled with the proximal end of the side branch.

13. A method, comprising:

advancing into the vasculature a catheter assembly including an elongate

body, an expandable cannula having an expandable impeller disposed therein, and

a sheath having a cannula retention portion disposed over the expandable cannula

and the expandable impeller, the cannula retention portion retaining the

expandable cannula and the expandable impeller in a low profile configuration;

providing relative motion between the sheath and the expandable cannula

to expose the expandable cannula to permit the expandable cannula to expand to a

high profile configuration, the high profile configuration having a larger width

than the low profile configuration;

separating first and second portions of the sheath along a longitudinal

portion thereof to create a gap tlierealong;

passing the elongate body through the gap to cause the sheath to be

removed from the catheter assembly.

14. The method of Claim 13, further comprising separating first and second

portions of a handle assembly and pulling the first and second portion to extend a gap

along the longitudinal direction of the sheath .

15. The method of either of Claim 3 or Claim 14, further comprising pulling

a separation zone into engagement with a separation device disposed on a proximal



portion of a catheter body of the catheter assembly, the catheter body being coupled with

the cannula at a distal portion thereof.

16. A method, comprising:

disposing an introducer sheath in the vasculature of a patient;

introducing a catheter assembly into the proximal end of the introducer

sheath and into the vasculature through the mtroducer sheath, the catheter

assembly including an elongate body having an expandable cannula coupled with

a distal end thereof, the catheter assembly having an expandable impeller being

joumaled for rotation in the expandable cannula;

expanding the expandable impeller for operation in a source of blood;

retracting the elongate body into the introducer sheath such that the

expandable cannula engages a distal end of the introducer sheath;

providing relative motion between the introducer sheath and the

expandable cannula to compress the expandable cannula; and

removing the introducer sheath and the catheter assembly from the patient.

17. The method of Claim 16, further comprising prior to retracting the

elongate body into the introducer sheath, retracting the impeller into the elongate body of

the catheter assembly to compress the impeller.

18. The method of Claims 6 or 7, further retracing a retainer disposed over

the expandable cannula and expandable impeller after introducing the catheter assembly

to expand the expandable impeller.

. The method of Clai 8, wherein the retainer comprises a separation zone

disposed longitudinally there along.

2.0. The method of Clai 19, further comprising separating first and second

longitudinal portions of the separation zone fro each other to create a gap large enough

for the elongate body of the catheter assembly to pass there through.
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