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(57) Abstract: Described here are devices, systems, and methods for forming a fistula between two blood vessels. Generally, the syso tems may comprise a first catheter and a second catheter, which may comprise one or more fistula-forming elements. The first and
second catheters may comprise one or more magnets, which may be used to assist in bringing the first and catheters in closer proxim
ity to facilitate fistula formation. In some variations, the magnet may have a plurality of magnetic domains each characterized by a
magnetic flux vector, with the magnetic flux vectors of the magnet passing through a common magnetic origin.



FISTULA FORMATION DEVICES AND METHODS THEREFOR

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to U.S. Provisional Application Serial No.

61/953,723, filed on March 14, 2014, and titled "FISTULA FORMULATION DEVICES AND

METHODS THEREFOR," the content of which is hereby incorporated in its entirety.

FIELD

[0002] The current invention relates to devices and methods for forming a fistula. The

devices and methods may be used to form a fistula between two blood vessels.

BACKGROUND OF THE INVENTION

[0003] A fistula is generally a passageway formed between two internal organs. Forming

a fistula between two blood vessels can have one or more beneficial functions. For example, the

formation of a fistula between an artery and a vein may provide access to the vasculature for

hemodialysis patients. Specifically, forming a fistula between an artery and a vein allows blood

to flow quickly between the vessels while bypassing the capillaries. In other instances, a fistula

may be formed between two veins to form a veno-venous fistula. Generally, fistula formation

requires surgical dissection of a target vein, and transecting and moving the vein for surgical

anastomosis to the artery. It may therefore be useful to find improved ways to form a fistula

between two blood vessels.

BRIEF SUMMARY OF THE INVENTION

[0004] Described here are devices, systems, and methods for forming a fistula. In some

variations, the systems described here may comprise a first catheter and a second catheter. The

first catheter may comprise one or more fistula-forming elements. The fistula-forming element

may be any suitable structure, such as an electrode. Additionally or alternatively, the second

catheter may comprise one or more fistula-forming elements. The first and second catheters may

comprise one or more magnets, which may be used to move the first and second catheters in

closer proximity to facilitate fistula formation and/or to assist in aligning the first and second

catheters. In some variations, the magnets may have magnetization patterns such that the

magnetic field generated by the magnets is locally concentrated. In some of these variations, the



first catheter may comprise a first magnet comprising a plurality of magnetic domains each

having a magnetic flux vector. The plurality of magnetic domains of the first magnet may be

configured such that the magnetic flux vector of each magnetic domain intersects or passes

through a common magnetic origin. In some of these variations, the second catheter may

comprise a second magnet comprising a plurality of magnetic domains each having a magnetic

flux vector. The plurality of magnetic domains of the second magnet may be configured such

that the magnetic flux vector of each magnetic domain passes through a common magnetic

origin.

[0005] In some variations of the systems described here, the system for creating a fistula

between two vessels comprises a first catheter comprising a first magnet, and a second catheter

comprising a second magnet, wherein at least one of the first and second catheters comprises a

fistula-forming element, and wherein the first magnet is characterized by a first magnetization

pattern comprising a first plurality of magnetic flux vectors, wherein each of the first plurality of

magnetic flux vectors intersects a first magnetic origin. In some of these variations, the first

magnet comprises a longitudinal axis, and the first magnetic origin comprises a first line oriented

substantially parallel to the longitudinal axis of the first magnet. In some of these variations, the

first magnet has an approximately D-shaped cross-section and a longitudinal apex, and the

magnetic origin is offset from the longitudinal apex by between about 0.25 mm and about 0.5

mm. In some of these variations, the second magnet is characterized by a second magnetization

pattern comprising a second plurality of magnetic flux vectors, wherein each of the second

plurality of magnetic flux vectors intersects a second magnetic origin. In some of these

variations, the first plurality of magnetic flux vectors is directed toward the first magnetic origin

and the second plurality of magnetic flux vectors is directed away from the second magnetic

origin. In some of these variations, the first magnetic origin and the second magnetic origin at

least partially overlap. In some of these variations, the second magnet comprises a longitudinal

axis, and the second magnetic origin comprises a second line oriented substantially parallel to

the longitudinal axis of the second magnet. In some of these variations, the first magnet

comprises a longitudinal axis, and the first magnetic origin comprises a first line oriented

substantially perpendicular to the longitudinal axis. In some variations, the first and second

magnets are configured such that when the rotational misalignment between the first and second

magnets is greater than about 35 degrees, the attractive force between the first and second

magnets is less than about 50 percent of the attractive force when the rotational misalignment



between the first and second magnets is zero. In some of these variations, the fistula-forming

element is an electrode.

[0006] In some variations of the systems described here, the system for creating a fistula

between two vessels comprises a first catheter comprising a first magnet characterized at least

partially with a first plurality of magnetic flux vectors and a second catheter comprising a second

magnet, wherein at least one of the first and second catheters comprises a fistula-forming

element. In some of these variations, a first portion of the first plurality of magnetic flux vectors

is oriented in a first direction and a second portion of the first plurality of magnetic flux vectors

is oriented in a second direction different from the first direction. In some of these variations, the

second magnet is characterized at least partially with a second plurality of magnetic flux vectors,

wherein a first portion of the second plurality of magnetic flux vectors is oriented in a third

direction and a second portion of the second plurality of magnetic flux vectors is oriented in a

fourth direction different from the third direction. In some of these variations, the first and

second portions of the first plurality of magnetic flux vectors are directed toward a first common

locus, and the first and second portions of the second plurality of magnetic flux vectors are

directed away from a second common locus. In some of these variations, the first common locus

and the second common locus at least partially overlap. In some of these variations, the fistula-

forming element is an electrode.

[0007] In some variations of the methods described here, the method of forming a fistula

between a first blood vessel and a second blood vessel of a patient comprises advancing a first

catheter into the first blood vessel, wherein the first catheter comprises first magnet, advancing a

second catheter into the second blood vessel, wherein the second catheter comprises a second

magnet, and wherein at least one of the first and second catheters comprises a fistula-forming

element, moving the first catheter toward the second catheter using the magnetic field produced

by the first magnet and second magnet, and forming a fistula with the fistula-forming element,

and wherein the first magnet is characterized by a first magnetization pattern comprising a first

plurality of magnetic flux vectors, wherein each of the first plurality of magnetic flux vectors

intersects a first magnetic origin, wherein the second magnet is characterized by a second

magnetization pattern comprising a second plurality of magnetic flux vectors, wherein each of

the second plurality of magnetic flux vectors intersects a second magnetic origin. In some of

these variations, the first magnet comprises a first longitudinal axis and the second magnet

comprises a second longitudinal axis, and the first magnetic origin comprises a first line oriented



substantially parallel to the first longitudinal axis, and the second magnetic origin comprises a

second line oriented substantially parallel to the second longitudinal axis. In some of these

variations, the fistula-forming element is an electrode, and forming the fistula with the fistula-

forming element comprises ablating tissue with the electrode. In some of these variations, the

first blood vessel is a vein and the second blood vessel is an artery.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1 is an illustrative depiction of a variation of a system described here

comprising a first catheter and a second catheter.

[0009] FIG. 2A is an illustrative depiction of a magnet having an approximately D-

shaped transverse cross-section and a magnetization pattern with parallel magnetic flux vectors.

FIG. 2B is an illustrative depiction of a magnet having an approximately D-shaped transverse

cross-section and a magnet having non-parallel magnetic flux vectors.

[0010] FIGS. 3A-1 IB are illustrative depictions of variations of magnets each having an

approximately D-shaped transverse cross-section and a magnetization pattern suitable for use

with the catheters described here.

[0011] FIG. 12A is an illustrative depiction of a magnet having an approximately D-

shaped transverse cross-section. FIG. 12B is an illustrative depiction of a longitudinal cross-

section of the magnet depicted in FIG. 12A having a magnetization pattern suitable for use with

the catheters described here.

[0012] FIG. 13A is an illustrative depiction of a pair of magnets having approximately

D-shaped transverse cross-sections. FIG. 13B is an illustrative depiction of a transverse cross-

section of a variation of the magnet pair depicted in FIG. 13A having magnetization patterns

suitable for use with the catheters described here. FIG. 13C is an illustrative depiction of a cross-

section of the magnetic field produced by the magnet pair of FIG. 13B.

[0013] FIG. 14A depicts the attractive force between two magnets suitable for use with

the catheters described here as a function of the distance between two magnets. FIG. 14B depicts

the percentage increase in the attractive force between the magnets of FIG. 14A as a function of

the distance between the two magnets.



[0014] FIG. 15 is an illustrative depiction of a transverse cross-section of a rotationally

misaligned magnet pair.

[0015] FIG. 16 depicts the attractive force between first and second magnets as a

function of the rotation angle of the first magnet relative to the second magnet.

[0016] FIGS. 17A and 18 depict the restoring torque between two magnets suitable for

use with the catheters described here as a function of the rotational misalignment between the

two magnets. FIG. 17B depicts the percentage increase in the restoring torque between the

magnets of FIG. 17A as a function of the rotational misalignment between the two magnets.

[0017] FIGS. 19A and 19B depict the percentage increase in restoring torque between

two magnets suitable for use with the catheters described here as a function of the rotational

misalignment between the two magnets.

[0018] FIGS. 20A and 20B depict transverse cross-sections of demagnetization profiles

of magnets having approximately D-shaped cross sections and having parallel magnetic flux

vectors and non-parallel magnetic flux vectors, respectively.

[0019] FIG. 2 1 is an illustrative depiction of a cross-section of a variation of a catheter

pair comprising magnets described here.

[0020] FIG. 22A is an illustrative depiction of a magnet having an approximately D-

shaped transverse cross-section. FIGS. 22B and 22C are illustrative depictions of transverse

cross-sections of variations of the magnet depicted in FIG. 22A having magnetization patterns

suitable for use with the catheters described here.

[0021] FIG. 23A is an illustrative depiction of a magnet having an approximately D-

shaped transverse cross-section. FIG. 23B is an illustrative depiction of a longitudinal cross-

section of the magnet depicted in FIG. 23A having a magnetization pattern suitable for use with

the catheters described here.

[0022] FIG. 24 is an illustrative depiction of a cross-section of a variation of a catheter

pair comprising magnets described here.



[0023] FIG. 25A depicts a cross-section of a magnet, fixture, and coils used to

manufacture variations of magnets described here. FIG. 25B depicts a portion of the cross-

section of FIG. 25A showing the magnetic flux generated by the coils.

DETAILED DESCRIPTION OF THE INVENTION

[0024] Generally described here are systems, devices, and methods for forming a fistula

between blood vessels. The fistula may be, for example, an arteriovenous fistula between an

artery and a vein, or a veno-venous fistula between two veins. Generally, to form a fistula

between two blood vessels, one or more catheters may be advanced in a minimally invasive

fashion through the vasculature to a target fistula formation site. Typically, a catheter may be

placed in each of the two blood vessels, such that a first catheter may be positioned in a first

blood vessel and a second catheter may be positioned in a second blood vessel. Accordingly, the

systems described here may comprise a first catheter and a second catheter.

[0025] The first and second catheters may each have one or more magnets, which may

be configured to aid in positioning and/or alignment of the catheters. For example, in some

instances the first catheter may comprise one or more magnets which may be attracted to one or

more magnets of the second catheter, such that the magnets on the first and second catheters may

act to pull the first and second catheters toward each other and/or act to rotate the first and

second catheters into rotational alignment. In some variations, the magnets may have

magnetization patterns generating non-uniform magnetic fields of focused magnetic strength. In

some of these variations, the magnetization patterns may be configured to generate magnetic

fields having the greatest magnetic flux density or strength at a location between the first and

second catheters when the catheters are positioned in two blood vessels at a target fistula

formation site.

Devices

Catheters

[0026] As mentioned above, the systems described here typically comprise a first

catheter and a second catheter. Any suitable catheter or catheters may be used with the systems

described here to form the fistulas using the methods described here. For example, in some

variations the system may comprise one or more of the catheters described in U.S. Patent



Application Serial No. 13/298,169, filed on November 16, 2011 and titled "DEVICES AND

METHODS FOR FORMING A FISTULA," the contents of which are hereby incorporated by

reference in their entirety. Generally, each catheter may have a proximal end, a distal end, and an

intermediate portion connecting the proximal and distal ends. The proximal end may comprise

one or more adaptors or handles, which may be utilized to help aid in advancement, positioning,

and/or control of the catheter within the vasculature, and may further be used to actuate one or

more components of the catheter and/or introduce one or more fluids or substances into and/or

through the catheter. The catheter may comprise one or more elements that may aid in fistula

formation. For example, one or more portions (e.g., the distal end and/or the intermediate

portion) of the catheter may comprise one or more alignment elements, such as magnets, that

may help to align the catheter with another catheter positioned in a related blood vessel, and/or

help to bring the catheters into closer approximation, as will be described in more detail below.

As the catheters are brought into closer approximation, the blood vessels within which the

catheters are positioned may be brought into closer approximation, which may aid in fistula

formation. Additionally or alternatively, one or more portions (e.g., the distal end and/or an

intermediate portion) of the catheter may comprise one or more mechanisms for forming a

fistula.

[0027] The catheters may additionally comprise one or more lumens or passageways

extending at least partially along or through the catheter, but need not comprise these lumens or

passageways. The lumens may be used to pass one or more guidewires, one or more drugs or

fluids (e.g., contrast agents, perfusion fluids), combinations thereof, or the like at least partially

along or through the catheter. The distal tip of the catheter may be configured to aid in

advancement of the catheter and/or configured to be atraumatic. In some variations, the tip may

comprise one or more rapid exchange portions or other lumens for advancement of the catheter

over a guidewire. In still other variations, the tip portion may have a guidewire attached to or

otherwise integrally formed with the catheter.

[0028] Additionally, in some variations the catheters may further comprise one or more

external expandable elements (e.g., a balloon, expandable cage, mesh, or the like) that may help

position a catheter within a blood vessel, but need not comprise one or more external expandable

elements. Additionally or alternatively, the one or more expandable elements may affect the

flow of blood through one or more blood vessels (e.g., by temporarily occluding blood flow

through the blood vessel, dilating one or more portions of a blood vessel, constricting one or



more portions of a blood vessel, or the like). In some instances, one or more expandable

elements may act to temporarily anchor a portion of the catheter relative to a blood vessel. In

variations in which a catheter comprises one or more shape-changing elements, as will be

described in more detail below, the use of an expandable element to temporarily anchor a

portion of the catheter relative to a blood vessel may aid in altering the shape of the catheter. It

should be appreciated that the catheters described here may have any combination of the

aforementioned elements.

[0029] FIG. 1 shows an illustrative variation of a catheter system that may be used to

form a fistula between two vessels. As shown there, the system may comprise a first catheter

(101) and a second catheter (103). The first catheter (101) may comprise a catheter body (105),

one or more magnets (107), and a fistula-forming element (109) which may be activated to form

a fistula. In some variations, the fistula-forming element (109) may be advanced within the

catheter body (105) to project out of an opening ( 111) in the catheter body (105). In some

variations, the first catheter (101) may comprise a housing (113), which may help protect other

components of the first catheter (101) during fistula formation. For example, when the fistula-

forming element (109) comprises an electrode configured to ablate tissue, the housing (113) may

comprise one or more insulating materials which may shield or otherwise protect one or more

components of the first catheter (101) from heat that may be generated by the electrode during

use.

[0030] As shown in FIG. 1, a second catheter (103) may also comprise a catheter body

(115) and one or more magnets (107). In variations in which the first catheter (101) comprises a

fistula-forming element (109) configured to project out of the catheter body (105) of the first

catheter (101), such as the variation depicted in FIG. 1, the catheter body ( 1 15) of the second

catheter (103) may comprise a recess (117) therein, which may be configured to receive the

fistula-forming element (109) as it passes through tissue during fistula formation. In some of

these variations, the recess ( 117) may be coated by an insulating material (not shown), which

may be configured to protect one or more components of the second catheter (103) from being

damaged by the fistula-forming element (109) (e.g., the insulating material may shield one or

more components of the second catheter (103) from heat that may be generated by the fistula-

forming element (109)). While the second catheter (103) is shown in FIG. 1 as having a recess

(117), it should also be appreciated that in some variations the second catheter (103) may not

comprise a recess ( 117). In some variations, the second catheter may comprise a fistula-forming



element (not shown) such that the first catheter (101) and/or the second catheter (103) comprises

a fistula-forming element, as will be described in detail below.

Fistula-Forming Elements

[0031] As mentioned above, the catheters described here may comprise one or more

elements for forming a fistula. The fistula-forming element may comprise any element capable

of forming a fistula between two vessels, such as those elements described in U.S. Patent

Application Serial No. 13/298,169, which was previously incorporated by reference in its

entirety. For example, the fistula-forming element may comprise one or more electrical

mechanisms (e.g., electrodes or electrocautery mechanisms). A catheter may have any suitable

number (e.g., zero, one, two, three, or four or more) and combination of these fistula-forming

elements. The fistula-forming elements may be located in or on any suitable portion of the

catheter (e.g., the distal end, an intermediate portion, or combinations thereof). In variations in

which a catheter comprises two or more fistula-forming elements, multiple fistula-forming

elements may be used to create multiple fistulas, either simultaneously or sequentially. In other

variations, multiple fistula-forming elements may interact to form a single fistula.

[0032] In variations in which a system comprising multiple catheters is used to create a

fistula between two blood vessels, each catheter may comprise a fistula-forming element, but

need not. Indeed, in some of these variations, only one catheter may comprise a fistula-forming

element. In some of these instances, a second catheter that lacks a fistula-forming element may

still help align the catheters and/or bring the blood vessels into apposition, but might not directly

contribute to tissue removal. In variations in which multiple catheters each comprise a fistula-

forming element, the catheters may have complementary fistula-forming elements. For example,

in variations in which two or more catheters each comprise an electrode, one catheter may

comprise an electrode that acts as an active electrode, while another catheter may comprise an

electrode that acts as a passive or ground electrode.

[0033] In some variations of the catheters described here, a catheter may comprise one or

more electrodes for use in forming a fistula. Such an electrode may be used to ablate or

otherwise remove the tissue in contact with the electrode in order to form the fistula. If a fistula-

forming element comprises an electrode, the electrode may, for example, be configured as



described in U.S. Patent Application Serial No. 13/298,169, which was previously incorporated

by reference in its entirety.

[0034] In the embodiment shown in FIG. 1, the fistula-forming element (109) of the first

catheter (101) comprises an electrode. The electrode may be selectively moved from a position

in which the electrode is retained or otherwise held in the catheter body (105) to a position in

which the electrode extends away from the catheter body (105) (e.g., through the opening (11 1)),

and the electrode may also be selectively moved back to a retracted/low-profile position (either

the same position as the previous retracted position, or a different position) following ablation of

tissue. This may allow the electrode to be maintained in a low-profile configuration during

positioning of the catheter. In some variations, the electrode may be biased toward an extended

position when not otherwise restrained by the catheter body (105).

Magnets

[0035] As mentioned above, the first and second catheters of the systems described here

may comprise one or more magnets. Generally, the magnets may be configured to be attracted to

one or more magnetic fields (e.g., produced by one or more magnets of another catheter). The

magnets may help to align or otherwise reposition the catheters when placed in the vasculature.

In some instances, a system may comprise first and second catheters each having one or more

magnets, such that magnets of the first catheter may be attracted to magnets of the second

catheter to bring the catheters in closer approximation. In other instances, one or more magnets

may help to ensure that one or more catheters are in proper axial and/or rotational alignment

relative to another catheter or catheters, such as described in further detail in U.S. Patent

Application Serial No. 13/298,169, which was previously incorporated by reference in its

entirety. Such axial and/or rotational alignment of catheters may also facilitate alignment of one

or more fistula-forming elements relative to a target fistula-formation site.

[0036] The magnets described here may be permanent magnets comprising one or more

hard magnetic materials, such as but not limited to alloys of rare earth elements (e.g., samarium-

cobalt magnets or neodymium magnets, such as N52 magnets) or alnico. In some variations, the

magnets may comprise anisotropic magnets; in other variations, the magnets may comprise

isotropic magnetics. In some variations, the magnets may be formed from compressed powder,

as will be described in more detail below. In some variations, a portion of the magnets (e.g., a



permeable backing) may comprise one or more soft magnetic materials, such as but not limited

to iron, cobalt, nickel, or ferrite.

[0037] It should be appreciated that while the systems primarily described here comprise

a first catheter and a second catheter each comprising one or more permanent magnets, in other

variations either the first or second catheter may comprise ferromagnetic elements (i.e., elements

attracted to but not generating a permanent magnetic field). For example, in some variations, the

first catheter may include only one or more ferromagnetic elements while the second catheter

comprises one or more permanent magnets. In other variations, the second catheter may include

only one or more ferromagnetic elements while the first catheter comprises one or more

permanent magnets. However, in other variations, one or both of the first and second catheters

may include any suitable combination of ferromagnetic, permanent, and/or other suitable kinds

of magnets.

[0038] In variations in which the catheters of the systems described here comprise one or

more magnets, each catheter may comprise any number of individual magnets (e.g., one, two,

three, four, five, six, seven, or eight or more, etc.). In variations in which a catheter comprises a

plurality of magnets, these magnets may be grouped into one or more magnet arrays. The

magnets may be located inside and/or outside of a catheter body. The magnets may be

positioned anywhere along the length of the catheter. In some variations in which the system

comprises a first catheter having a fistula-forming element (such as the first catheter (101)

shown in FIG. 1), the first catheter may comprise one or more magnets proximal to a fistula-

forming element. Additionally or alternatively, the first catheter may comprise one or more

magnets distal to a fistula-forming element. In some variations in which a system comprises a

second catheter comprising a fistula-forming element, the second catheter may comprise one or

more magnets proximal to the fistula-forming element. Additionally or alternatively, in

variations in which the second catheter comprises a fistula-forming element, the second catheter

may comprise one or more magnets distal to the fistula-forming element. In variations in which

both the first and second catheters comprise one or more magnets, each magnet or array in the

first catheter may be configured to align with one or more magnets in a second catheter. Each

magnet may be fixed in or on a catheter by any suitable method. For example, in some variations

one or more magnets may be embedded in, adhered to, or friction-fit within a catheter.



[0039] Generally, the dimensions of the magnets may be constrained by the size of the

catheters carrying the magnets, which in turn may be constrained by the anatomical dimensions

of the selected blood vessels through which the catheters described here may be advanced. For

example, if the catheter is to be advanced through a blood vessel having an internal diameter of

about 3 mm, it may be desirable to configure any magnet to be less than about 3 mm at the

widest part of its cross-section, to reduce the risk of injury to vessel walls during advancement

and manipulation of the catheter. Each magnet may have any suitable length (e.g., about 5 mm,

about 10 mm, about 15 mm, about 20 mm, or the like), although it should be appreciated that in

some instances longer magnets may limit the flexibility of the catheter to maneuver through

tissue.

[0040] In variations in which two catheters each comprise one or more magnets, the

magnets of the catheters may produce an attractive force between the catheters, which may act to

pull the catheters into closer approximation. Once the first and second catheters have been

positioned, the attractive force may also act to maintain the relative positions of the catheters.

When the first and second catheters are placed in respective blood vessels, however, tissue

positioned between the blood vessels and/or limited compliance of the blood vessels may limit

the extent to which the magnets of the first and second catheters bring the first and second

catheters toward each other.

"Focused" Magnets

[0041] The extent to which the first and second catheters may be brought toward and/or

rotationally aligned with each other may be improved by utilizing magnets having particular

magnetic fields of focused strength. Such "focused" magnets have a magnetic field with at least

one region in which magnetic strength is higher than surrounding regions, as compared to "non-

focused" magnets (described in more detail below). In particular, the magnetic field patterns of

the respective magnets on the first and second catheters may be designedly focused in order to

urge the first and second catheters toward a desired arrangement with one another, with more

force than that provided by magnets with uniform magnetic fields. For example, when the first

and second catheters are within respective blood vessels near a target fistula formation site, the

magnetic field strength of the focused magnets may be focused at a common location between

the first and second catheters, thereby urging the first and second catheters into closer

approximation with an increased attractive force as compared to non-focused magnets of the



same size. Thus, the catheters may be better able to displace tissue between the blood vessels or

overcome limited vessel compliance in order to help the first and second catheters move toward

each other.

[0042] Because the catheters described herein may be advanced into the body, the

patient's anatomy and other factors may place constraints on the dimensions of the catheters and

the magnets that ordinarily would limit the amount of attractive force provided by magnets on

the catheters. Accordingly, in instances in which the size of catheters and the magnets are

physically limited to a particular size, the inclusion of focused magnets having focused magnetic

fields may facilitate an additional increase in attractive force between two catheters comprising

such magnets, without exceeding dimensional constraints. This may, for example, allow the

catheters to overcome additional compliance and/or resistance (e.g., due to tissue between the

vessels) to help bring the catheters and/or blood vessels into apposition. Alternatively, focused

magnets having focused magnetic fields may allow the catheter size to be decreased while

maintaining a certain attractive force between the catheters. For example, in some instances, the

catheter size may be able to be decreased from 5 Fr to 4 Fr while maintaining the same attractive

force between the catheters; in other instances, the catheter size may be able to be decreased

from 6 Fr to 5 Fr while maintaining the same attractive force between the catheters.

[0043] Compared to a non-focused magnet, a focused magnet may create a magnetic

field of focused strength as a result of having a specialized magnetization pattern. FIG. 2A

illustrates the magnetization pattern of a cross-section of an exemplary non-focused magnet

(204), and FIG. 2B illustrates the specialized magnetization pattern of a cross-section of an

exemplary focused magnet (205). Each magnet includes a plurality of regions, or magnetic

domains. Each magnetic domain has a uniform magnetization within itself, and a respective

polarity direction that is represented by a magnetic flux vector (201). The difference between a

non-focused magnet and a focused magnet is illustrated by the different magnetization pattern of

their magnetic domains. As shown in FIG. 2A, a non-focused magnet (204) has a magnetization

pattern characterized with parallel magnetic flux vectors (201) that are oriented in the same

direction (shown in FIG. 2A as directed upward). In contrast, as shown in FIG. 2B, a focused

magnet (205) has a magnetization pattern characterized with non-parallel magnetic flux vectors

(201) forming a specialized magnetization pattern in which each magnetic flux vector (201)

intersects or passes through a particular common location or common locus called the magnetic

origin (203). Put another way, a focused magnet has a magnetic origin located a measurable



distance (i.e., a non-infinite distance) from the magnet (hereinafter referred to as "magnetization

radius") where magnetic flux vectors (201) meet, while a non-focused magnet has a magnetic

origin located an infinite distance away from the magnet (i.e., a non-focused magnet has a

magnetization radius of infinity). Accordingly, the magnetization pattern concentrates or focuses

magnetic flux at the magnetic origin, such that the magnetic field strength of the magnet is

maximum at the magnetic origin (203). In other words, a focused magnet with such a focused

magnetic field generates a greater magnetic flux density, or greater magnetic force, at the

magnetic origin than that otherwise generated by a non-focused magnet of similar dimensions

and material type.

[0044] In some variations, as shown for example in FIGS. 3A and 3B, a focused magnet

may have a longitudinal magnetic origin (shown as line (303) in FIG. 3A) in the form of a line

parallel to a longitudinal axis of the magnet (shown as line (304) in FIG. 3A). For example, a

focused magnet may have a longitudinal magnetic origin in the form of a line translated from the

longitudinal axis of the magnet (i.e., oriented parallel to and located offset from the longitudinal

axis of the magnet). In these variations, as shown in FIGS. 3A-11B (discussed in more detail

below), the magnetization pattern of each transverse cross-section of the magnet may include

magnetic flux vectors that commonly pass through a single point along the longitudinal magnetic

origin, where that single point is in the plane of the transverse cross-section. In other words, the

magnetic field of each transverse "slice" of the focused magnet may be represented by a

respective set of magnetic flux vectors that intersect at a respective single common point, and

the series of common points along all "slices" form the longitudinal magnetic origin. As such,

the magnetic force produced along the longitudinal magnetic origin of a focused magnet is

greater than the magnetic force produced by a non-focused magnet. In some of these variations,

the line may be located along a central longitudinal plane of the magnet.

[0045] FIGS. 3A-11B depict exemplary variations of focused magnets with longitudinal

magnetic origins. Each of FIGS. 3A-11A depicts a focused magnet having an approximately D-

shaped transverse cross-section (shown in FIGS. 3B-11B, respectively) and a longitudinal apex

(302) that extends longitudinally along the apex of convexity of the magnet, substantially

parallel to longitudinal axis (304). Each of the magnets of FIGS. 3A-11B comprises a plurality

of magnetic domains, where each magnetic domain may be represented by a respective magnetic

flux vector (each represented by an arrow (301)). When fully extended within its plane, each

magnetic flux vector (301) passes through a point on the longitudinal magnetic origin (303). In



some variations, as shown in FIGS. 3A-11B, a focused magnet may have a longitudinal

magnetic origin (303) that is translated or offset by any suitable distance (d) (not labeled in

FIGS. 3A and 3B) from the longitudinal apex (302) of the magnet (i.e., offset by the

magnetization radius). In some variations, the magnetization radius may be about 0 mm to about

6 mm, about 0.1 mm to about 5 mm, about 0.2 mm to about 4 mm, about 0.3 mm to about 3 mm,

about 0.4 mm to about 2 mm, about 0.5 mm to about 1 mm, or more than about 6 mm. Generally

speaking, as the magnetization radius is increased and the magnetic origin is more distant from a

focused magnet, the magnetic flux vectors of the magnet become less angled (i.e., become closer

to approximating parallel orientations). For example, FIG. 3B depicts a transverse cross-section

of a magnet (305) having a magnetization radius of about 0 mm (i.e., a longitudinal magnetic

origin (depicted by circle (303)) located substantially incident or collinear with the longitudinal

apex (302) of the magnet (305)). FIG. 4B depicts a transverse cross-section of a magnet (307)

having a magnetization radius of about 0.25 mm (i.e., a longitudinal magnetic origin (303)

located about 0.25 mm from the longitudinal apex (302) of the magnet (307)). FIG. 5B depicts a

transverse cross-section of a magnet (309) having a magnetization radius of about 0.5 mm (i.e., a

longitudinal magnetic origin (303) about 0.5 mm from the longitudinal apex (302) of the magnet

(309)). FIG. 6B depicts a transverse cross-section of a magnet (311) having a magnetization

radius of about 0.75 mm (i.e., a longitudinal magnetic origin (303) about 0.75 mm from the

longitudinal apex (302) of the magnet (311)). FIG. 7B depicts a transverse cross-section of a

magnet (313) having a magnetization radius of about 1 mm (i.e., a longitudinal magnetic origin

(303) about 1 mm from the longitudinal apex (302) of the magnet (313)). FIG. 8B depicts a

transverse cross-section of a magnet (315) having a magnetization radius of about 2 mm (i.e., a

longitudinal magnetic origin (303) about 2 mm from the longitudinal apex (302) of the magnet

(315)). FIG. 9B depicts a transverse cross-section of a magnet (317) having a magnetization

radius of about 4 mm (i.e., a longitudinal magnetic origin (303) about 4 mm from the

longitudinal apex (302) of the magnet (317)).

[0046] While FIGS. 3A-11B show magnets comprising a plurality of magnetic domains

with magnetic flux vectors passing through and oriented toward the magnetic origin, in other

variations, as shown for example in FIGS. 10A-10B and 11A-11B, the magnets may comprise a

plurality of magnetic domains with magnetic flux vectors intersecting (when extended) the

magnetic origin and oriented away from the magnetic origin. For example, FIG. 10B depicts a

transverse cross-section of a magnet (319) having a magnetization radius of about 0 mm (i.e., a



magnetic origin (303) located substantially incident or collinear with the longitudinal apex (302)

of the magnet (319), where each magnetic flux vector (301) intersects the magnetic origin (303)

and is oriented away from the magnetic origin (303). FIG. 11B depicts a transverse cross-section

of a magnet (321) having a magnetization radius of about 1 mm (i.e., a magnetic origin (303)

located about 1 mm from the longitudinal apex (302) of the magnet (321)), where each magnetic

flux vector (301) intersects the magnetic origin (303) and is oriented away from the magnetic

origin (303). Furthermore, while FIGS. 3B-11B depict a single transverse cross-section of each

magnet, it should be appreciated that when the magnetic origin is a longitudinal magnetic origin,

some or all transverse cross-sections of the magnet may have substantially similar magnetization

patterns, such that the magnetic domains in at least some transverse cross-sections of the magnet

are represented by substantially similar configurations of magnetic flux vectors.

[0047] In other variations, as shown for example in FIG. 12A, a focused magnet may

have a transverse magnetic origin (shown as line (403) in FIG. 3A) in the form of a line that is

approximately perpendicular to a longitudinal axis (shown as line (403) in FIG. 12A). In these

variations, as shown in FIG. 12B (discussed in more detail below), the magnetization pattern of

each longitudinal cross-section of the magnet may include magnetic flux vectors that commonly

pass through a single point along the transverse magnetic origin, where that single point is in the

plane of the longitudinal cross-section. In other words, the magnetic field of each longitudinal

"slice" of the focused magnet may be represented by a respective set of magnetic flux vectors

that intersect at a respective single common point, and the series of common points along all

"slices" form the transverse magnetic origin. As such, the magnetic force produced along the

transverse magnetic origin of a focused magnet is greater than the magnetic force produced by a

non-focused magnet of similar size and material type. In some of these variations, the line may

be located along a central transverse plane of the magnet.

[0048] FIG. 12A depicts an exemplary variation of a focused magnet with a transverse

magnetic origin (403). In particular, FIG. 12A depicts a focused magnet (405) having an

approximately D-shaped transverse cross-section and a longitudinal apex (402) that extends

longitudinally along the apex of convexity of the magnet (405). FIG. 12B depicts a longitudinal

cross-sectional view of a focused magnet similar to that depicted in FIG. 12A, and a transverse

magnetic origin (403). That is, the magnet (405) of FIG. 12B may comprise a plurality of

magnetic domains, where each magnetic domain may be represented by a respective magnetic

flux vector (each represented by an arrow (401)). When fully extended, each magnetic flux



vector (401) passes through a point on the transverse magnetic origin (depicted by circle (403)).

As shown in FIGS. 12A and 12B, the transverse magnetic origin (403) may be translated or

offset by any suitable distance (d) from the longitudinal apex (402) of the magnet, such as about

0 mm to about 6 mm, about 0.1 mm to about 5 mm, about 0.2 mm to about 4 mm, about 0.3 mm

to about 3 mm, about 0.4 mm to about 2 mm, about 0.5 mm to about 1 mm, or more than about 6

mm. For example, FIG. 12B depicts a transverse cross-section of a magnet (405) having a

magnetic origin (depicted by circle (403)) located about 4 mm from the longitudinal apex (402)

of the magnet (405). Generally speaking, as the magnetization radius is increased and the

magnetic origin is more distant from a focused magnet, the magnetic flux vectors of the magnet

become less angled (i.e., become closer to approximating parallel orientations).

[0049] While FIG. 12B depicts a magnet comprising a plurality of magnetic domains

with magnetic flux vectors passing through and oriented toward the magnetic origin, in other

variations, the magnets may comprise a plurality of magnetic domains with magnetic flux

vectors intersecting (when extended) the magnetic origin and oriented away from the magnetic

origin. Furthermore, while FIG. 12B depicts a single longitudinal cross-section of the magnet

(405), it should be appreciated that when the magnetic origin comprises a transverse magnetic

origin, some or all longitudinal cross-sections of the magnet may have the same magnetization

pattern, such that the magnetic domains in at least some longitudinal cross-sections of the

magnet are represented by the substantially similar configurations of magnetic flux vectors.

[0050] In yet other variations, a focused magnet may have a magnetic origin in the form

of a single point. As such, the magnetic force produced at this point may be greater than the

magnetic force produced by a non-focused magnet of similar size and material type. In these

variations, each magnetic flux vector of the magnet may pass through the single magnetic origin

point. In some of these variations, the single magnetic origin point may be located along a line

formed by the intersection of a central transverse plane of the magnet and a central longitudinal

plane of the magnet.

[0051] It should also be appreciated that while FIGS. 2A-11B depict magnets having

approximately D-shaped transverse cross-sections, in other variations, the magnets may have

other shapes. For example, in other variations the magnets may be cylindrical, semi-cylindrical,

or have a cross-section that is C-shaped (i.e., a D-shape or semi-cylindrical shape comprising a



channel on the flat surface), rectangular, square, triangular, trapezoidal, ovoid, elliptical, or an

nt -order polygon, or the like.

[0052] In some variations, a first catheter may comprise a first magnet comprising a

plurality of magnetic domains each having a magnetic flux vector oriented toward a magnetic

origin, and a second catheter may comprise a second magnet comprising a plurality of magnetic

domains each having a magnetic flux vector oriented away from a magnetic origin. For example,

FIG. 13A depicts a first magnet (1301) having a longitudinal apex (1302) and second magnet

(1303) having a longitudinal apex (1304). First magnet (1301) and second magnet (1303) may

be located in first and second catheters (not shown), respectively. As shown in FIG. 13B, the

first magnet (1301) may comprise a plurality of magnetic domains each having a magnetic flux

vector (each depicted by an arrow (1305)) passing through and directed toward a longitudinal

magnetic origin (1309) located about 1 mm from the longitudinal apex (1302) of the first magnet

(1301). The second magnet (1303) may comprise a plurality of magnetic domains each having a

magnetic flux vector (each depicted by an arrow (1307)) intersecting (when extended) a

longitudinal magnetic origin (1311) and directed away from the longitudinal magnetic origin

(1311), where the longitudinal magnetic origin (1311) is located about 1 mm from the

longitudinal apex (1304) of the second magnet (1303).

[0053] When the first magnet (1301) and second magnet (1303) are positioned such that

the convex side of the first magnet (1301) faces the convex side of the second magnet (1303)

and the magnetic origins (1309) and (1311) are approaching the at least partial overlap or

superposition depicted in FIGS. 13A and 13B, the magnetic field produced by the first magnet

(1301) may attract the second magnet (1303) toward the first magnet (1301), while the magnetic

field produced by the second magnet (1303) may in turn attract the first magnet (1301) toward

the second magnet (1303). In some variations, the first magnet (1301) and the second magnet

(1303) are configured such that their respective magnetic origins (1309) and (1311),

respectively, are located in the center of the "air gap" distance between the magnets. FIG. 13C

depicts the resulting magnetic field produced by the first magnet (1301) and second magnet

(1303) when they are located about 2 mm away from each other. As illustrated in FIG. 13C, the

greatest flux density is located in the area between the two magnets.

[0054] As described above, in some variations, a first catheter comprises a first focused

magnet having a plurality of magnetic domains each having a magnetic flux vector oriented



toward a magnetic origin, and a second catheter comprises a second focused magnet having a

plurality of magnetic domains each having a magnetic flux vector oriented away from a

magnetic origin. In such variations, the attractive force between the first magnet and the second

magnet may in some instances be greater than the attractive force between two non-focused

magnets (i.e., each having parallel magnetic flux vectors, with a magnetization radii of infinity).

The increased attractive force between the first focused magnet and the second focused magnet

may depend on the distance between the first and second focused magnets, the magnetic radii of

the first and second focused magnets, and/or the rotational alignment of the first and second

focused magnets.

Magnets - Attractive Force

[0055] Different configurations of pairs of magnets may result in different amounts of

attractive force. FIGS. 14A and 14B depict the attractive force between a pair of first and second

magnets, as compared across different kinds of magnet pairs. In particular, FIG. 14A depicts the

attractive force between first and second non-focused magnets as a function of the distance

between the two magnets (the "air gap"). FIG. 14A also depicts the attractive force between a

pair of first and second focused magnets as a function of the "air gap," for different pairs of

focused magnets having a range of magnetic radii. The non-focused and focused magnets are

N52 NdFeB magnets, each having a D-shaped transverse cross-section, a diameter of 0.0675

inches, a longitudinal length of 0.25 inches, and a distance from the longitudinal apex to the flat

surface of the magnet of 0.044 inches. The focused magnets have a longitudinal magnetic origin.

FIG. 14B depicts a comparison of attractive force between a pair of non-focused magnets and

between different pairs of focused magnets similar to that depicted in FIG. 14A, but FIG. 14B

depicts this comparison in terms of percentage increase in attractive force as a function of "air

gap."

[0056] As can be seen in FIGS. 14A-14B, in some instances when the first and second

focused magnets are in close proximity, both absolute and relative attractive force increase with

decreasing magnetic radii of the first and second focused magnets. For example, when the air

gap is about 0 mm (i.e., the magnets are touching or nearly touching), the attractive force

between focused magnets having magnetic radii of about zero is about 157% greater than

between the attractive force between non-focused magnets; the attractive force between focused

magnets having magnetic radii of about 0.25 mm is about 104% greater than the attractive force



between non-focused magnets; the attractive force between focused magnets having magnetic

radii of about 0.5 mm is about 76% greater than the attractive force between nonmagnetic

magnets; the attractive force between focused magnets having magnetic radii of about 0.75 mm

is about 60% greater than that between non-focused magnets; the attractive force between

focused magnets having magnetic radii of about 1 mm is about 50% greater than that between

non-focused magnets; the attractive force between focused magnets having magnetic radii of

about 2 mm is about 30% greater than that between non-focused magnets; and the attractive

force between focused magnets having magnetic radii of about 4 mm is about 16% greater than

that between non-focused magnets. Because the attractive force between focused magnets is a

function of at least both magnetization radius and distance ("air gap") between the magnets, it

may be desirable to have first and second magnets having magnetic radii that maximize the

attractive force between the two magnets when they are a particular distance apart. More

specifically, when the first and second magnets are respectively located in first and second

catheters that may be used to create a fistula, the magnets may be located about 2 mm to about 4

mm apart, such as during catheter delivery toward a target fistula location. As the attractive force

between the magnets pulls the catheters and magnets in closer approximation (as described in

more detail below), the magnets may move to be less than about 0.5 mm apart. Therefore, in

some variations, it may be desirable for the first and second magnets to have magnetic radii of

approximately about 0.25 mm to about 0.5 mm or order to increase the attractive force through a

range of air gaps from less than about 0.5 mm through about 2-4 mm. In other variations, it may

be desirable for the first and second magnets to have magnetic radii of approximately about 0

mm to about 6 mm, about 0 .1 mm to about 5 mm, about 0.2 mm to about 4 mm, about 0.3 mm to

about 3 mm, about 0.4 mm to about 2 mm, about 0.5 mm to about 1 mm, or more than about 6

mm. It should be appreciated that while the exemplary attractive force shown in FIGS. 14A-14B

is for multiple pairs of first and second magnets having magnetic radii identical to one another,

in other variations, the first and second magnets may have magnetic radii different from one

another.

[0057] As mentioned briefly above, the amount of attractive force between two magnets

may depend at least partially on the relative rotational alignment of the first and second magnets.

For example, as shown in FIG. 15, a first magnet (1501) and a second magnet (1503) may be

approximate each other and rotated relative to one another by an angle φ (referred to hereinafter

as the "rotational misalignment"). First and second magnets (1501) and (1503) may be non-



focused magnets or focused magnets. The attractive force between the first and second magnets

(1501) and (1503) is depicted as Fy. FIG. 16 depicts a comparison of the attractive force

between a pair of non-focused magnets and the attractive force between a pair of focused

magnets having magnetization radii of about 0 mm, as a function of rotational misalignment.

The magnets within each magnet pair of FIG. 16 are separated by a distance of about 1 mm, and

are N52 NdFeB magnets each having a D-shaped transverse cross-section, a diameter of 0.0675

inches, a longitudinal length of 0.25 inches, and a distance from the apex to the flat surface of

the magnet of 0.044 inches. As shown in FIG. 16, the attractive force is greatest when the first

and second magnets are rotationally aligned (i.e., when the rotational misalignment is zero). The

attractive force decreases as the rotational misalignment increases. At low rotational

misalignments (e.g., in the example here below about 35 degrees), the attractive force is greater

between focused magnets than between non-focused magnets.

[0058] In contrast, however, at high rotational misalignments (e.g., in the example here,

above about 35 degrees), the attractive force between focused magnets is less than that between

non-focused magnets. One practical effect of this relationship is that two focused magnets,

separated by a given distance, have a lower tendency to attract one another at high rotational

misalignment, compared to two non-focused magnets separated by the same distance and

similarly rotationally misaligned. Low attractive force between significantly rotationally

misaligned magnets may be desirable to prevent the magnets from moving toward each other

when significantly misaligned. When the magnets are located within catheters as described

herein, this may prevent the first and second catheters from moving into closer approximation

when a fistula-forming element of a first catheter (such as fistula-forming element (109)

described above) is not properly aligned with a recess of a second catheter configured to receive

the fistula-forming element (such as recess (117) described above).

[0059] Thus, focused magnets may have higher attractive force at low rotational

misalignment and lower attractive force at high rotational misalignment, as compared to non-

focused magnets. Put another way, the rate of decrease in attractive force as a function of

rotational misalignment (i.e., the slope of the curves in FIG. 16) may increase with decreasing

magnetic radii of the first and second magnets. For example, in the example of FIG. 16, the

attractive force between non-focused magnets decreases by about 50% when rotational

misalignment is about 50 degrees, relative to its maximum at 0 degrees of rotational

misalignment. In contrast, the attractive force between focused magnets with 0 mm



magnetization radii decreases by about 50% when rotational misalignment reaches about 35

degrees, relative to its maximum at 0 degrees of rotational misalignment.

Magnets - Restoring Torque

[0060] Different magnet pairs may have different torque urging the magnets to

rotationally align (i.e., "restoring torque"). FIGS. 17A-17B and FIG. 18 depict a comparison of

the amount of restoring torque between a pair of first and second magnets, for different kinds of

magnet pairs. In particular, FIG. 17A depicts the restoring torque between first and second

magnets located about 0.5 mm apart as a function of rotational misalignment, for non-focused

magnets and focused magnets having longitudinal magnetic origins with a range of magnetic

radii. The non-focused and focused magnets comprise N52 NdFeB magnets each having a D-

shaped transverse cross-section, a diameter of 0.0675 inches, a longitudinal length of 0.25

inches, and a distance from the apex to the flat surface of the magnet of 0.044 inches. FIG. 17B

depicts a comparison of restoring torque between a pair of non-focused magnets and between

different pairs of focused magnets similar to that depicted in FIG. 17A, but FIG. 17B depicts this

comparison in terms of percentage increase in attractive force as a function of rotational

misalignment. FIG. 18 depicts the restoring torque between the first and second magnets as a

function of rotational misalignment for non-focused magnets and focused magnets having a

range of magnetic radii, when the first and second magnets are located about 1 mm apart.

[0061] As shown in FIGS. 17A-17B and FIG. 18, at small rotational misalignments (e.g.,

less than about 30 degrees), restoring torque increases with decreasing magnetic radii of the first

and second magnets. For example, as shown in FIG. 17B, when the air gap is about 0.5 mm and

the rotational misalignment is about 10%, the restoring torque between focused magnets having

magnetic radii of about zero is about 140% greater than that between non-focused magnets; the

restoring torque between focused magnets having magnetic radii of about 0.25 mm is about

119% greater than that between non-focused magnets; the restoring torque between focused

magnets having magnetic radii of about 0.5 mm is about 91% greater than that between non-

focused magnets; the restoring torque between focused magnets having magnetic radii of about

0.75 mm is about 72% greater than that between non-focused magnets; the restoring torque

between focused magnets having magnetic radii of about 1 mm is about 60% greater than that

between non-focused magnets; the restoring torque between focused magnets having magnetic

radii of about 2 mm is about 35% greater than that between non-focused magnets; and the



restoring torque between focused magnets having magnetic radii of about 4 mm is about 19%

greater than that between non-focused magnets.

[0062] FIGS. 19A and 19B depict the percentage increase, relative to non-focused

magnets of similar dimension, in restoring torque between a pair of focused magnets as a

function of the rotational misalignment between the two magnets, for a range of "air gap"

distances between the first and second magnets. FIG. 19A depicts such a percentage increase in

restoring torque in magnets having magnetic radii of about 0.25 mm, while FIG. 19B depicts

such a percentage increase in restoring torque in magnets having magnetic radii of about 0.5

mm. As shown in FIGS. 19A and 19B, for any given rotational misalignment between two

focused magnets, the percentage increase in restoring torque generally increases with decreasing

"air gap" distance between the two magnets. That is, the restoring torque is greater when the two

magnets are closer together.

[0063] In some variations, the first and second catheters may respectively comprise

focused magnets, and the focused magnets may be configured such that restoring torque is

greater than the restoring torque between two non-focused magnets of similar dimensions and

materials. This may allow the catheters to overcome greater rotational stiffness to help bring the

catheters into rotational alignment, and may allow the restoring torque between the catheters to

be increased when the size of the catheters (and the magnets thereof) is otherwise constrained. It

may be desirable to ensure proper rotational alignment of the catheters in order to promote

proper formation of the fistula using the one or more fistula forming elements, as described

above. The amount of increased restoring torque between a pair of first and second focused

magnets may depend on the rotational alignment of the first and second magnets, the magnetic

radii of the first and second magnets, and/or on the distance between the first and second

magnets.

Magnets - Permeance Coefficient

[0064] Focused magnets may, in some instances, have a different permeance coefficient

than non-focused magnets. As a result, focused magnets may experience less demagnetization

under various demagnetization stresses (e.g., opposing magnetic fields, elevated temperature),

thereby resulting in increased magnetic flux density, or magnetic force. This may be particularly



desirable in magnets having low intrinsic coercivity, such as neodymium magnets (e.g., N52

magnets).

[0065] Furthermore, focused magnets may also experience less demagnetization in

magnetic domains that contribute most to generation of an attractive force. For example, FIG.

20A depicts the transverse cross-sections of two opposing non-focused D-shaped N52 magnets

(2001) and (2003) having parallel magnetic flux vectors. FIG. 20B depicts the transverse cross-

sections of two opposing focused D-shaped N52 NdFeB magnets (2005) and (2007) having

magnetization radii of about 0.25 mm and longitudinal magnetic origins, where the magnets are

separated by an air gap of about 0.5 mm. In the depicted arrangement, the region of a one

magnet that is closest to the opposing magnet may make the greatest contribution to the

magnetic flux density, or magnetic force, to the air gap between the opposing magnets. For

example, the convex region of magnet (2001) makes the greatest contribution to magnetic flux

density in the air gap between magnets (2001) and (2003), while the convex region of magnet

(2005) makes the greatest contribution to magnetic flux density in the air gap between magnets

(2005) and (2007).

[0066] FIGS. 20A and 20B also depict demagnetization profiles of the non-focused

magnet (2001) and focused magnet (2005), respectively. As can be seen by comparing the

demagnetization profiles of magnets (2001) and (2005), the non-focused magnet (2001)

experiences a more uniform demagnetization than the focused magnet (2005). In contrast,

focused magnet (2005) experiences less demagnetization in its convex region located closest to

the opposing magnet (2007). The decreased demagnetization in the convex region of focused

magnet (2005) may increase the magnetic flux density, or magnetic force, in the region between

the magnets (2005) and (2007). Thus, in some variations as a result of decreased

demagnetization in crucial magnet regions, the use of focused magnets in such an arrangement

(such as in catheters described herein) may provide increased attractive force and restoring

torque between the magnets.

Other Magnet Configurations

[0067] It should be appreciated that the above-described trends regarding attractive

force, restoring torque, and demagnetization may also be similarly developed in focused

magnets having transverse magnetic origins, and may also be similarly developed in focused



magnets having magnetic origins comprising a single point, and/or any suitable kind of magnetic

origin. Moreover, the above-described trends regarding attractive force, restoring torque, and

demagnetization may also be similarly developed in focused magnets having other magnet

shapes and dimensions. It should further be appreciated that the above-described trends may also

be similarly developed in a focused magnet pair in which the first and second focused magnets

do not have the same materials or dimensions.

[0068] For example, as shown in FIG. 21, in some instances in which a first catheter

(2101) comprises a first magnet (2103) and a second catheter (2105) comprises a second magnet

(2107), the first magnet (2103) may be longer than the second magnet (2107). When the first

catheter is in a first blood vessel, and the second catheter is in a second blood vessel, the shorter

second magnet may aid in bringing the first and second blood vessels together in apposition. In

particular, the attractive force of the longer first magnet may act upon a smaller area of the

second magnet due to the shorter length of the second magnet, which in turn may increase the

pressure that is generated by the second magnet on the wall of the second blood vessel. This

increased pressure may facilitate better apposition of the first and second blood vessels, such as

for better and/or easier fistula formation. A shorter second magnet may be desirable in a number

of situations, such as when two vessels between which a fistula is intended to be formed overlap

over only a short distance. Additionally, a shorter second magnet may be placed in an area of a

vessel having greater curvature. As another example, when a stiffer substance (e.g., muscle, fat,

fascia, cartilage, bone) exists between the vessels immediately upstream or downstream of a

target fistula formation site and hampers vessel apposition around the target fistula formation

site, use of a shorter second magnet may allow a smaller available segment of the second vessel

to be deflected toward the first vessel for fistula formation.

[0069] Although the focused magnets discussed above may be characterized by

magnetization patterns comprising magnetic flux vectors each passing through a single magnetic

origin (e.g., a point or line), in other variations, a similar effect with respect to attractive force,

restoring torque, and demagnetization may be achieved with magnets comprising a combination

of two or more regions, where each region is individually "non-focused" - that is, the magnetic

domains within each region have substantially parallel magnetic flux vectors. In particular, in

some variations, a focused magnet may include multiple regions, where the magnetization

pattern of each region is represented by a plurality of magnetic flux vectors substantially

oriented in parallel to each other within each region, while the magnetic flux vectors of a first



region are oriented in a different direction than those in a second region. When combined in a

particular manner, the "non-focused" regions of a magnet collectively provide a similar effect as

a "focused" magnet described above.

[0070] In some variations, two or more non-focused regions may be combined to form a

magnet with an effective longitudinal magnetic origin (i.e., to collectively approximate a focused

magnet). For example, FIGS. 22B and 22C illustrate D-shaped transverse cross-sections of

magnets (2201) and (2203), respectively, which are similar in shape to the longitudinal magnet

(2204) depicted in FIG. 22A. In one variation, as shown in FIG. 22B, magnet (2201) may

comprise a first region (2205) with a first non-focused magnetization pattern represented by a

first set of parallel magnetic flux vectors (2209), and a second region (2207) with a second non-

focused magnetization pattern represented by a second set of parallel magnetic flux vectors

(2211). As described from the perspective of FIG. 22B, the first domain (2205) may be located

to the left of the midline of the transverse cross-section, and the second domain (2207) may be

located to the right of the midline of the transverse cross-section. The first and second sets of

magnetic flux vectors (2209) and (2211) may be oriented toward the midline of the transverse

cross-section by angles a l and a2, respectively, of approximately 45 degrees. The components

of the magnetic flux vectors (2209) and (2211) pointed upwards may at least partially augment

each other, while the components of the magnetic flux vectors (2209) and (2211) pointed to the

right and left as may at least partially cancel each other. Accordingly, the summed effective

magnetic flux density is focused near the apex of the magnet (2201) to form an effective

longitudinal magnetic origin, similar to the focused magnets described with reference to FIGS.

2A-11B.

[0071] In another variation, as shown in FIG. 22C, a magnet (1303) may comprise four

domains: a first region (2213), a second region (2215), a third region (2217), and a fourth region

(2219), in order from left to right as depicted in FIG. 22C. The first, second, third, and fourth

regions have respective non-focused magnetization patterns represented by respective sets of

parallel magnetic flux vectors (2221), (2223), (2225), and (2227). The first and fourth sets of

magnetic flux vectors (2221) and (2227) are oriented toward the midline of the transverse cross-

section by angles l and a2, respectively, of approximately 45 degrees. The second and third

sets of magnetic flux vectors (2223) and (2225) may be directed upward toward the apex of the

cross-section. The components of the magnetic flux vectors (2221) and (2227) that are pointed

upwards may at least partially augment each other and may further combine with the upward



magnetic flux vectors (2223) and (2225), while the components of the magnetic flux vectors

(2221) and (2227) pointed to the right and left may at least partially cancel each other.

Accordingly, the summed effective magnetic flux density is focused near the apex of the magnet

(2203) to form an effective longitudinal magnetic origin, similar to the focused magnets

described with reference to FIGS. 2A-1 IB.

[0072] It should be appreciated that in other variations, the magnetic flux vectors (2209)

and (2211) (in FIG. 22B) and magnetic flux vectors (2221) and (2227) (in FIG. 22C) may be

oriented at any suitable angles l and a2 to produce an effective magnetic origin at any suitable

location (e.g., a longitudinal magnetic origin with any suitable magnetization radius). For

instance, decreasing angles a l and a2 may increase the effective magnetization radius, while

increasing angles l and a2 may decrease the effective magnetization radius. Furthermore,

angles a l and a2 may be approximately equal to generate an effective magnetic origin

substantially aligned with the midline of the transverse cross-section, or angles a l and a2 may

be unequal to generate an effective magnetic origin in other locations.

[0073] In other variations, two or more non-focused regions may be combined to form a

magnet with an effective transverse magnetic origin. For example, FIG. 23A depicts a magnet

(2304) with a longitudinal axis and a D-shaped transverse cross-section. FIG. 23B depicts a

longitudinal cross-section of the magnet (2304). Magnet (2304) may comprise a first region

(2331), a second region (2333), and a third region (2335). The first, second, and third regions

have non-focused magnetization patterns represented by first, second, and third sets of parallel

magnetic flux vectors (2337), (2339), and (2341), respectively. The first and third sets of

magnetic flux vectors (2337) and (2341) may be oriented toward the midline of the longitudinal

cross-section by angles a l and a2, respectively, of approximately 45 degrees. The components

of the magnetic flux vectors (2337) and (2341) that are pointed upwards as depicted in FIG. 23B

may at least partially augment each other and may combine with the upward magnetic flux

vectors (2339), while the components of the magnetic flux vectors (2337) pointing right and the

components of the magnetic flux vectors (2341) pointing left, as depicted in FIG. 23B, may at

least partially cancel each other. Accordingly, the summed effective magnetic flux density is

focused so as to form an effective transverse magnetic origin, similar to the focused magnets

described with reference to FIGS. 12A and 12B. It should be appreciated that in other variations,

the magnetic flux vectors (2337) and (2341) may be oriented at any suitable angles a l and a2 to

produce an effective magnetic origin at any suitable location (e.g., a transverse magnetic origin



with any suitable magnetization radius). For instance, decreasing angles l and a2 may increase

the effective magnetization radius, while increasing angles a l and a2 may decrease the effective

magnetization radius. Furthermore, angles l and a2 may be approximately equal to generate an

effective magnetic origin substantially aligned with the midline of the longitudinal cross-section,

or angles a l and a2 may be unequal to generate an effective magnetic origin in other locations.

[0074] In yet other variations, the principles described with reference to FIGS. 22A-22C

and FIGS. 23A-23B may be combined in any suitable manner, such that a magnet with two or

more domains has an effective magnetic origin in the form of a single point, or any suitable line.

For example, multiple "non-focused" regions may be combined in such a manner that the

resulting magnet may have an effective magnetic origin that is somewhere between a

longitudinal magnetic origin and a transverse magnetic origin.

[0075] In some variations, the multiple non-focused regions may be formed in a single

magnet by applying a desired magnetic field to different regions of pressed powder, as described

in further detail below. In other variations, the multiple non-focused regions may be embodied in

separately-formed magnets that are subsequently bonded or otherwise combined together, such

as through epoxy or fit together within an external case or shrink wrap. For example, with

reference to FIG. 22B, a first region (2205) may be embodied in a first non-focused magnet

having a half D-shaped cross-section, and a second region (2207) may be embodied in a second

non-focused magnet having a half D-shaped cross-section. The first and second non-focused

magnets may be combined to form a larger magnet with an approximately D-shaped transverse

cross-section as shown in FIG. 22B, such as through epoxy or by fitting both non-focused

magnets into a casing having a semi-circular cross-section. Other suitable shapes of separate

non-focused magnets, such as those depicted in FIGS. 22C or 23A-23B or other suitable magnet

shapes and sizes, may similarly be combined to form a larger magnet.

[0076] In some variations, such as shown in FIG. 24, a first catheter (2443) such as

described above may comprise a magnet similar to that depicted in FIG. 23B, while a second

catheter (2445) as described above may comprise a shorter magnet (2447) having parallel

magnetic flux vectors (2449) oriented in the same direction as magnetic flux vectors (2439) in a

region of first catheter (2443). This arrangement may have similar effects as described above

with respect to the catheter and magnet pairs of FIG. 21. It should be appreciated that while

FIGS. 22A-24 depict magnets comprising two, four, and three non-focused regions, respectively,



in other variations magnets as described herein may comprise any suitable number of regions

(e.g., two, three, four, five, six, or more regions).

[0077] It should be appreciated that although in some variations the magnets discussed

above have been described as pairs, a catheter system may utilize any combination of magnets as

described here. For example, when the systems described here comprise a first catheter and a

second catheter, either the first and/or second catheter may have more than one magnet, which

may comprise any combination of the magnets described here, as described in more detail

above.

Systems

[0078] Also described here are systems for forming a fistula between two blood vessels.

Generally, the systems may comprise a first catheter, which may comprise one or more fistula-

forming elements and one or more magnets. The first catheter may comprise any one or more of

any of the fistula-forming elements or combination of fistula-forming elements as described in

more detail above and in U.S. Patent Application Serial No. 13/298,169, which was previously

incorporated by reference in its entirety. The first catheter may comprise one or more magnets,

which may be any of the magnets described in more detail above. The first catheter may

comprise any suitable catheter body and may comprise one or more other elements, such as one

or more shape-changing elements or balloons such as described in more detail in U.S. Patent

Application Serial No. 13/298,169, which was previously incorporated by reference in its

entirety.

[0079] The systems described here may also comprise a second catheter. In some

variations, the second catheter may comprise a fistula-forming element and one or more

magnets, but need not. In variations where the second catheter does comprise a fistula-forming

element, the second catheter may comprise any one or more of any of the fistula-forming

elements or combination of fistula-forming elements as described in more detail above and in

U.S. Patent Application Serial No. 13/298,169, which was previously incorporated by reference

in its entirety. The fistula-forming element of the second catheter may be the same as or different

from the fistula-forming element of the first catheter. The second catheter may comprise one or

more magnets, which may be any of the magnets described in more detail above. The second

catheter may comprise any suitable catheter body and may comprise one or more other elements,



such as one or more shape-changing elements or balloons such as described in more detail in

U.S. Patent Application Serial No. 13/298,169, which was previously incorporated by reference

in its entirety.

Methods

Methods of Manufacture

[0080] Also described here are methods for manufacturing magnets with specialized

magnetization patterns, each magnetization pattern comprising a plurality of magnetic domains,

where each magnetic domain is represented by a magnetic flux vector that passes through a

common magnetic origin (e.g., a point or line). In some instances, the magnets described here

may be manufactured by compressing a powder in a die while applying a magnetic field to the

powder. The applied magnetic field may match the desired orientation of the magnetic flux

vector at each magnetic domain and cause each particle of the powder to elongate either parallel

or perpendicular to the orientation of the applied magnetic field. The desired applied magnetic

field shape may be created by placing the powder within a magnetically permeable fixture,

which directs the field in the desired shape through the powder.

[0081] The fixture may comprise a highly permeable alloy, such as Hyperco 50. In other

variations, the magnets may comprise isotropic magnets (e.g., bonded neodymium or bonded

samarium-cobalt magnets), which may be magnetized in any orientation without being

premagnetized in the direction of the desired magnetic flux vectors as described above. FIG.

25A depicts a transverse cross-section of a magnet (2501), a fixture (2503), and two coils (2505)

and (2507) that may be used to generate the magnetic flux. As shown, the fixture (2503) may

contact the magnet (2501) at three points (A), (B), and (C) around the magnet's outer surface.

FIG. 25B depicts the resulting magnetic flux directed through the magnet (2501).

[0082] The resulting magnetization radius (i.e., the location of the magnetic origin) of

the magnet is determined by the relationship between the fixture contact points and the magnet.

In particular, changing the location of the three points around the magnet's outer surface may

change the resulting magnetization radius of the magnet. For example, moving the left and right

contact points downward as depicted in FIGS. 25A-25B (i.e., to wrap around the corners of the

magnet (2501) to contact the flat face of the magnet) may change the magnetization radius of the

magnet (2501).



Methods of Creating a Fistula

[0083] Also described here are methods for creating a fistula between two blood vessels.

The two blood vessels may be two closely-associated blood vessels, such as a vein and an artery,

two veins, etc. Generally, in these methods, catheters comprising magnets as described above

may be used to bring the two vessels toward each other. After the vessels are brought toward

each other, one or more fistula-forming elements may be activated to bore through, perforate, or

otherwise create a passageway between the two blood vessels such that blood may flow directly

between the two adjoining blood vessels. When such a fistula is formed, hemostasis may be

created without the need for a separate device or structure (e.g., a suture, stent, shunt, or the like)

connecting or joining the blood vessels.

[0084] Generally, the methods described here comprise accessing a first blood vessel

with a first catheter, and advancing the first catheter to a target location within a blood vessel. A

second blood vessel may be accessed with a second catheter, and the second catheter may be

advanced to a target location within the second vessel. In some of these methods, both the first

and second catheters may comprise magnets each characterized by a magnetization pattern

comprising magnetic flux vectors passing through a common magnetic origin, as described in

more detail above. The first catheter may be advanced into an artery, and the second catheter

may be advanced into a vein. In other methods, the first catheter may be advanced into a first

vein and the second catheter may be advanced into a second vein. In yet other methods, the first

catheter may be advanced into a first artery and the second catheter may be advanced into a

second artery. The catheters may be advanced in any suitable manner, as described in more

detail in U.S. Patent Application Serial No. 13/298,169, which was previously incorporated by

reference in its entirety, and any of the catheters described in that application may be used.

[0085] Once the first and/or second catheters have been advanced into the respective

blood vessels, the catheters may be adjusted to affect the positioning of the catheters within the

blood vessels and/or the positioning of the blood vessels relative to each other. The magnets of

the first and second catheters may result in an attractive force between the catheters, which may

pull the catheters toward each other. The magnets may also result in a torque causing the two

catheters to rotationally align. For example, the first and/or second catheters may comprise one

or more magnets having a magnetization pattern such as described in more detail above.



[0086] Once the catheter or catheters have been positioned and adjusted, one or more

fistula-forming elements may be used to create a fistula between the two blood vessels. Any of

the methods for using fistula-forming elements to create one or more fistulas described in U.S.

Patent Application Serial No. 13/298,169, which was previously incorporated by reference in its

entirety, may be used.



CLAIMS

We claim:

1. A system for creating a fistula between two vessels, comprising:

a first catheter comprising a first magnet; and

a second catheter comprising a second magnet;

wherein at least one of the first and second catheters comprises a fistula-forming element; and

wherein the first magnet is characterized by a first magnetization pattern comprising a first

plurality of magnetic flux vectors, wherein each of the first plurality of magnetic flux vectors

intersects a first magnetic origin.

2 . The system of claim 1, wherein the first magnet comprises a longitudinal axis, and wherein the

first magnetic origin comprises a line oriented parallel to the longitudinal axis of the first

magnet.

3. The system of claim 2, wherein the first magnet has an approximately D-shaped cross-section

and a longitudinal apex, wherein the magnetic origin is offset from the longitudinal apex by

between about 0.25 mm and about 0.5 mm.

4 . The system of claim 1, wherein the second magnet is characterized by a second magnetization

pattern comprising a second plurality of magnetic flux vectors, wherein each of the second

plurality of magnetic flux vectors intersects a second magnetic origin.

5. The system of claim 4, wherein the first plurality of magnetic flux vectors is directed toward

the first magnetic origin and the second plurality of magnetic flux vectors is directed away

from the second magnetic origin.

6. The system of claim 5, wherein the first magnetic origin and the second magnetic origin at

least partially overlap.

7 . The system of claim 4, wherein the second magnet comprises a longitudinal axis, and wherein

the second magnetic origin comprises a second line oriented parallel to the longitudinal axis of

the second magnet.



8. The system of claim 1, wherein the first magnet comprises a longitudinal axis, and wherein the

first magnetic origin comprises a first line oriented perpendicular to the longitudinal axis of the

first magnet.

9. The system of claim 1, wherein the first and second magnets are configured such that when the

rotational misalignment between the first and second magnets is greater than about 35 degrees,

the attractive force between the first and second magnets is less than about 50 percent of the

attractive force when the rotational misalignment between the first and second magnets is zero.

10. The system of claim 1, wherein the fistula-forming element comprises an electrode.

11. A system for creating a fistula between two vessels, comprising:

a first catheter comprising a first magnet characterized at least partially with a first plurality of

magnetic flux vectors, wherein a first portion of the first plurality of magnetic flux vectors is

oriented in a first direction and a second portion of the first plurality of magnetic flux vectors

is oriented in a second direction different from the first direction; and

a second catheter comprising a second magnet;

wherein at least one of the first and second catheters comprises a fistula-forming element.

12. The system of claim 1, wherein the second magnet is characterized at least partially with a

second plurality of magnetic flux vectors, wherein a first portion of the second plurality of

magnetic flux vectors is oriented in a third direction and a second portion of the second

plurality of magnetic flux vectors is oriented in a fourth direction different from the third

direction.

13. The system of claim 12, wherein the first and second portions of the first plurality of magnetic

flux vectors are directed toward a first common locus, and wherein the first and second

portions of the second plurality of magnetic flux vectors are directed away from a second

common locus.

14. The system of claim 13, wherein the first common locus and the second common locus at least

partially overlap.

15. The system of claim 1, wherein the fistula-forming element comprises an electrode.



16. A method of forming a fistula between a first blood vessel and a second blood vessel of a

patient, comprising:

advancing a first catheter into the first blood vessel, wherein the first catheter comprises a first

magnet;

advancing a second catheter into the second blood vessel, wherein the second catheter

comprises a second magnet, and wherein at least one of the first and second catheters

comprises a fistula-forming element;

moving the first catheter toward the second catheter using the magnetic field produced by the

first magnet and second magnet; and

forming a fistula with the fistula-forming element;

wherein the first magnet is characterized by a first magnetization pattern comprising a first

plurality of magnetic flux vectors, wherein each of the first plurality of magnetic flux vectors

intersects a first magnetic origin; and

wherein the second magnet is characterized by a second magnetization pattern comprising a

second plurality of magnetic flux vectors, wherein each of the second plurality of magnetic

flux vectors intersects a second magnetic origin.

17. The method of claim 16, wherein the first magnet comprises a first longitudinal axis and the

second magnet comprises a second longitudinal axis, and wherein the first magnetic origin

comprises a first line oriented parallel to the first longitudinal axis, and the second magnetic

origin comprises a second line oriented parallel to the second longitudinal axis.

18. The method of claim 16, wherein the fistula-forming element is an electrode, and wherein

forming the fistula with the fistula-forming element comprises ablating tissue with the

electrode.

The method of claim 16, wherein the first blood vessel is a vein and the second blood vessel

an artery.
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