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CATHETER ASSEMBLY FOR VASCULAR ACCESS SITE CREATION

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of, and priority to, U.S. Provisional Application Serial

No. 61/927,015, filed January 14, 2014, the content of which is incorporated by reference herein

in its entirety.

FIELD OF THE INVENTION

The present invention generally relates to intraluminal procedures, and, more particularly,

to a catheter assembly for creating a vascular access site between vessels.

BACKGROUND

A catheter is a flexible tube introduced into a blood vessel or a hollow organ for the

purpose of: introducing or removing fluids; implanting medical devices; or for performing

diagnostic tests or therapeutic interventions. A wide range and variety of catheters are available

which are extremely diverse in shape, design and specific features.

In order to perform effectively in specialized medical procedures and in particular

anatomical areas, specific categories or classes of catheters have been developed. Among the

presently known specific types of catheters are: peritoneal catheters employed for peritoneal

dialysis and which provide dialysate inflow and outflow for the removal of the by-products of

metabolism from the blood; acute and chronic urinary catheters introduced into the bladder, the

urethra, or directly into the renal pelvis for the removal of urine; central venous catheters are

designed for insertion into the internal jugular or subclavian vein; right heart catheters such as

the Cournand and Swans-Ganz catheters designed specifically for right heart catheterization;

transeptal catheters developed specifically for crossing from right to left atrium through the

interatrial septum at the fossa ovalis; angiographic catheters which are used for right or left

ventriculography and angiography in any of the major vessels; coronary angiographic catheters

which include the different series of grouping including Sones, Judkins, Amplatz, multipurpose,

and bypass graft catheters; as well as many others developed for specific purposes and medical

conditions.



An illustrative and representative example of catheter usage is provided by the medical

specialty of hemodialysis. Healthy kidneys remove waste and minerals from the blood. When

kidneys fail, harmful waste builds up in the body, blood pressure may rise, and the body may

retain excess fluid and not make enough red blood cells. Hemodialysis generally involves

flowing blood through a filter to remove wastes, such as toxic metabolites, as well as extra water

from the blood by way of a dialysis machine when the kidneys are impaired by illness or injury.

A wide variety of pathological processes can affect the kidneys. Some result in rapid but

transient cessation of renal function. In patients so affected, temporary artificial filtration of the

blood is sometimes necessary. With time, renal function gradually improves and may approach

normal. Accordingly, dialysis is usually required only for a short duration. The time required

for the kidneys to recover will depend on the nature and severity of the injury which typically

varies from a few days to several months. Thus, if the acute condition lasts for more than three

or four days, the patient will probably require hemodialysis at least once while awaiting return of

renal function. Some patients retain low levels of renal filtration and can therefore be dialyzed

as infrequently as once a week. Many progress to total renal failure and require hemodialysis

two or three times each week. Still other types of renal injury result in rapid onset of permanent

renal failure necessitating life-long dialysis.

A dialysis machine serves as an artificial kidney to reduce harmful concentrations of the

by-products of metabolism and to remove excess water from the blood. The machine is

essentially a special filter in series with a blood pump. The filter is connected to the patient via

two blood lines. Blood drains from the patient to the dialysis machine through the afferent line.

Unwanted molecules diffuse through a semi-permeable membrane into the rapidly flowing

dialysate and are carried out of the filter in a manner analogous to that of urine flowing through a

renal tubule. Blood leaving the filter returns to the patient through the second, or efferent, blood

line.

The ability to perform dialysis effectively is dependent on high flow of blood through the

filter. Furthermore, blood must be returned to the patient as rapidly as it is withdrawn to prevent

the hemodynamic consequences of large fluctuations in intravascular volume. It is therefore

necessary that both afferent and efferent blood conduits be connected to the patient by way of

transcutaneous catheters inserted into large bore, high flow blood vessels.



For patients in whom renal recovery is anticipated, percutaneous intravenous access is

used frequently. This technique generally makes use of a large bore flexible two-lumen catheter.

This catheter, measuring 10 French, (roughly 3 mm in diameter) is introduced into the central

venous circulation via the subclavian or internal jugular vein. Placement of transcutaneous

venipuncture in conjunction with the Seldinger technique and serial dilation is used and the tip of

the catheter is positioned at the junction of the superior vena cava and the right atrium.

Alternatively, the catheter is placed percutaneously in the femoral vein. Blood is withdrawn

from one lumen and returned through the other.

Unfortunately, this method of percutaneous intravenous access is not well suited for

patients who will require long term or permanent dialysis. The presence of a foreign body (the

access catheter) breaching the skin is associated with a high risk of infection. This risk increases

with time, and in long term applications, is prohibitive. Because the foreign body is in an

intravascular location, the infection is usually associated with sepsis, or infection of the blood

stream, which can be lethal. Special catheters are designed to be implanted or "tunneled"

subcutaneously for several centimeters to decrease the incidence of sepsis. If an absolutely

sterile technique is used when manipulating the catheter (and the skin exit site is meticulously

cleaned and dressed), these tunneled catheters can be used for several months without incident.

Despite pristine care, however, infection is inevitable with extended use and all such catheters

eventually must be removed.

One current method has evolved to provide long term vascular access in patients,

particularly those on permanent dialysis. The method involves the creation of a vascular access

site (e.g., fistulas and grafts) between an artery and an adjacent vein. In particular, the method

involves the creation of a direct arteriovenous (AV) fistula between an artery and an adjacent

vein, or optionally an AV graft created by using a tube to connect the artery to the vein. With the

use of a fistula, the capillary network is bypassed, and a low resistance "short circuit" in the

circulatory system results. The direct and increased volume of blood flow through the fistula

leads to massive venous dilation. Dialysis catheters are then introduced into the dilated veins.

Organizations such as the National Kidney Foundation generally agree that fistulas are the best

type of vascular access.

To create an arteriovenous fistula for permanent hemodialysis, an incision may be made

at the wrist and the radial artery, for example, is identified and mobilized. An adjacent vein is



mobilized as well. After obtaining vascular isolation with vessel loops or soft clamps, the artery

and vein are opened longitudinally for a distance of 5 to 8 mm. Using fine monofilament suture

and magnified visualization, the arteriotomy and venotomy are sewn together, creating a side-to-

side anastomosis (or, alternatively, the end of the vein is sewn to the side of the artery). This

surgically created connection allows blood to bypass the capillary bed, and results in

dramatically increased flow through the forearm veins. Because the arteriovenous fistula is

performed at the wrist, the thin-walled forearm veins are subjected to high blood flow, and, over

a short period of time, dilate to 2-3 times their initial size. The massively dilated veins are easily

identified and can be accessed by two large bore needles as described above for the shunt.

The AV fistula method has relative advantages and disadvantages. For example, the

direct AV fistula method is highly desirable and advantageous in that no prosthetic material need

be implanted and the risk of infection is therefore dramatically reduced. In addition, all blood

carrying surfaces are lined with living intima, and intimal proliferation is very uncommon.

Moreover, the vein, being composed of living tissue, has the ability to mend itself and is less

likely to form pseudoaneurysms (also known as false aneurysms), as may occur with prosthetic

shunts after extended use. For these reasons, most surgeons prefer to perform this procedure

when it is technically feasible.

Unfortunately, in many patients, use of an AV fistula is technically not possible by

conventional means. As described above, the radial artery is dissected out at the wrist and a

distal dissection zone is preferred in that more veins will be subjected to increased flow and

dilation, resulting in more potential sites for hemodialysis needle insertion. However, the radial

artery is somewhat small at this distal location which makes anastomosis technically more

demanding, especially in smaller patients. Furthermore, because a direct anastomosis must be

constructed, a relatively large vein is needed in the immediate vicinity of the radial artery, and

this is not always present. In the alternative, if a vein more than a centimeter away is mobilized

and brought over to the artery, venous kinking can occur which results in decreased flow and

early thrombosis. In addition, mobilization of the vein disrupts the tenuous vaso vasorum, the

miniscule arteries that provide blood supply to the vein wall itself, which can result in fibrosis of

the vein wall and constriction of the vein lumen. This sets the conditions for early fistula failure.

Furthermore, the AV fistula procedure described must be done in the operating room.

Most of the patients thus receive intravenous sedation and must be monitored postoperatively in



a recovery room environment. Some remain hospitalized for a day or more as per the surgeon's

preference. It is well known that individuals with renal failure exhibit impaired wound healing

and a compromised immune function. These patients are therefore at increased risk for

developing postoperative wound complications.

The conventional and limited usage of specialized catheters as exemplified by the

medical practice of hemodialysis is thus well demonstrated and revealed. Clearly, despite the

recognized desirability and advantage of creating an AV fistula for long-term or life-use patients

needing dialysis, the use of catheters has remained limited and used primarily for the

introduction and removal of fluids while the creation of AV fistulae remains the result of skilled

surgical effort alone.

SUMMARY

The invention generally provides a catheter assembly for creating a vascular access site

(e.g., fistula and graft) between vessels. In one embodiment, the catheter assembly is configured

to create a vascular access site between an adjacently located artery and vein or an adjacently

located pair of veins in a peripheral vascular system at a chosen anatomic site in-vivo. It should

be noted that, while embodiments of the invention are described with regard to creating vascular

access sites, specifically AV fistula, a catheter assembly consistent with the present invention

can be utilized to create vascular access sites in other systems of the body, such as the respiratory

system, digestive system, and circulatory system.

One aspect of the invention provides a catheter assembly configured for percutaneous

introduction into and extension through a blood vessel and further configured to create a vascular

access site between two closely associated vessels. The catheter assembly includes at least one

catheter having both intraluminal imaging capabilities as well as the ability to create a vascular

access site on-demand within a vessel. The catheter includes a tube having an axial length and

having a discrete proximal end, a discrete distal end, and at least one internal lumen of

predetermined volume. The discrete distal end includes a distal end tip configured for

intravascular guidance of the tube through a blood vessel in-vivo to a chosen anatomic site. The

catheter may include an imaging probe, such as an intravascular ultrasound (IVUS) probe,

configured to obtain intravascular image data, which can be used for guiding the distal end tip to



the chosen anatomic site and further positioning a vascular wall perforation member for creating

the vascular access site.

The catheter further includes one or more magnet members positioned at the discrete

distal end and set in axial alignment with the distal end tip of the tube, the magnet members

having sufficient magnetic force to cause an adjustment in position for the tube when in

proximity with a source of magnetic attraction disposed within a closely associated blood vessel

in-vivo. The catheter further includes a vascular wall perforation member positioned at the

discrete distal end adjacent to the magnet members and set in axial alignment with the distal end

of the catheter, the magnet members having sufficient magnetic strength to cause an adjustment

in position for the catheter when in proximity with an alternative source of magnetic attraction

disposed within a closely associated blood vessel. The catheter further includes a controller for

activating the vascular wall perforation member of the tube on-demand wherein the vascular wall

perforation member perforates the chosen anatomic site to generate a vascular access site in-vivo

between the closely associated blood vessels.

In another aspect, the present invention provides a catheterization method for generating

a vascular access site between closely associated vessels, such as an arteriovenous (AV) fistula

or a veno-venous (VV) fistula on-demand, at a chosen anatomic site in-vivo. The catheterization

method includes procuring at least one catheter suitable for percutaneous introduction into and

extension through a blood vessel in-vivo to a chosen anatomic site. The catheter has both

intraluminal imaging capabilities and the ability to create a vascular access site on-demand

within a vessel. The catheter includes a tube having an axial length and having a discrete

proximal end, a discrete distal end, and at least one internal lumen of predetermined volume.

The discrete distal end includes a distal end tip configured for intravascular guidance of the tube

through a blood vessel in-vivo to a chosen anatomic site. The catheter may include an imaging

probe, such as an intravascular ultrasound (IVUS) probe, configured to obtain intravascular

image data, which can be used for guiding the distal end tip to the chosen anatomic site and

further positioning a vascular wall perforation member for creating the vascular access site.

The catheter further includes one or more magnet members positioned at the discrete

distal end and set in axial alignment with the distal end tip of the tube, the magnet members

having sufficient magnetic force to cause an adjustment in position for the tube when in

proximity with a source of magnetic attraction disposed within a closely associated blood vessel



in-vivo. The catheter further includes a vascular wall perforation member positioned at the

discrete distal end adjacent to the magnet members and set in axial alignment with the distal end

of the catheter, the magnet members having sufficient magnetic strength to cause an adjustment

in position for the catheter when in proximity with an alternative source of magnetic attraction

disposed within a closely associated blood vessel. The catheter further includes a controller for

activating the vascular wall perforation member of the tube on-demand wherein the vascular wall

perforation member perforates the chosen anatomic site to generate a vascular access site in-vivo

between the closely associated blood vessels.

The catheterization method further includes percutaneously introducing the catheter into

a first blood vessel and extending the catheter intravascularly to a chosen anatomic site adjacent

to a closely associated blood vessel. The method further includes acquiring intraluminal image

data of the first blood vessel with the IVUS probe, for example, to assist in navigating the

catheter within the vessel and positioning of the vascular wall perforation member with respect

to the anatomic site. The method further includes percutaneously introducing a source of

magnetic attraction into a closely associated second blood vessel and extending the source of

magnetic attraction intravascularly to the chosen anatomic site to be in transvascular proximity to

the extended catheter. The method further includes permitting a transvascular magnetic

attraction to occur between the magnetic member of the extended catheter in the first blood

vessel and the source of magnetic attraction in the closely associated second blood vessel,

whereby the vascular wall perforation member of the catheter comes into transvascular

alignment with the closely associated second blood vessel. Upon coming into alignment, the

vascular wall perforation member is activated on-demand, perforating the vascular walls of the

closely associated blood vessels concurrently at the chosen anatomic site so as generate a

vascular access site in-vivo.

The catheter assembly and catheterization method of the present invention overcome the

drawbacks of current methods for creating a vascular access site between two vessels. For

example, the present invention permits the creation vascular access sites between vessels without

necessitating surgery or surgical incision, thereby reducing the risk to the chronically ill patient.

In addition, by the avoidance of surgical procedures as such, the need for an operating room, an

anesthesiologist, and surgical nursing staff is obviated. Furthermore, the present invention

allows for vascular access site formation in anatomical areas where surgical procedures would be



difficult, if not impossible, to perform. Accordingly, the present invention allows for and has the

potential to utilize many more vascular sites in the peripheral circulation as locations for the

generation of an AV fistula on-demand.

The present invention also allows for the identification and evaluation of juxtapositioned

blood vessels in the entire extremity by way of the intraluminal imaging probe, so as to identify

the most favorable anatomical site and further provide an accurate assessment of vessel

characteristics (e.g., venous diameter) at a specific site prior to performing the technique to

generate a vascular access site. Vessels having a small diameter or thin walls, which are

typically unsuitable for surgical anastomosis, are easily located and now become available for

use. Further, intraluminal imaging data can be used to determine whether or not a portion of a

vessel wall is closely associated with and lies adjacent to an adjacent vessel.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A-1F illustrate the modified Seldinger technique as a series of manipulative steps.

FIG. 2 illustrates an embodiment of a venous catheter used to generate an arteriovenous

fistula.

FIG. 3 illustrates an embodiment of an arterial catheter used to generate an arteriovenous

fistula.

FIG. 4 illustrates an embodiment of a venous introducer cylinder forming a component

part of the venous catheter of FIG. 2 .

FIG. 5 illustrates a venous obturator fitting into the introducer cylinder of FIG. 4 and

forming a component part of the venous catheter of FIG. 2 .

FIG. 6 illustrates the venous introducer cylinder of FIG. 4 and the venous obturator of

FIG. 5 in combination.

FIG. 7 illustrates a tubular cutting tool forming a component part of the venous catheter

of FIG. 2 .

FIG. 8 is a partial sectional view of the distal end of the tubular cutting tool of FIG. 7 .

FIGS. 9A-9D are sequential sectional views demonstrating activation of the vascular well

perforation member in the tubular cutting tool of FIG. 7 .

FIG. 10 illustrates the venous introducer cylinder of FIG. 4 and the tubular cutting tool of

FIG. 7 in combination.



FIG. 11 is a side view of the distal end of the arterial catheter of FIG. 3 .

FIG. 12 is a side view, partly in section, of the venous catheter of FIG. 2 and the arterial

catheter of FIG. 3 in proper parallel alignment as a consequence of magnetic attraction and

interaction.

FIG. 13 illustrates a phased-array ultrasound catheter according to certain embodiments.

FIG. 14 illustrates a rotational ultrasound catheter according to certain embodiments.

FIG. 15 is a side view of the distal end of another embodiment of a catheter configured to

generate an arteriovenous (AV) fistula in-vivo.

FIG. 16 is an axial-section view of the catheter embodiment of FIG. 15.

FIG. 17 is a cross-section view of the catheter embodiment of FIG. 15 along the axis

YY'.

FIG. 18 is an axial-section view of a pair of catheters in proper parallel alignment for

generating an arteriovenous (AV) fistula.

FIG. 19 is an illustration of the vascular system in the human forearm in which the

arterial catheter has been extended into the radial artery and an imaging probe has been

introduced.

FIG. 20 is an illustration of an intravascular ultrasound (IVUS) image showing the radial

artery wall and the adjacently positioned veins using the probe of FIG. 17.

FIG. 2 1 is an illustration of an extended imaging probe within the radial artery at a site of

arterial-venous proximity.

FIG. 22 is an illustration of an IVUS image showing the radial artery wall and

immediately adjacent veins using the probe of FIG. 19.

FIG. 23 is an illustration showing the percutaneous introduction of a venous cylinder-

obturator complex and its placement near the ultrasound probe in the radial artery.

FIG. 24 is an illustration of an ultrasound-created image showing the existence of the

venous cylinder-obturator complexed in the selected vein at the site of arterial-venous proximity.

FIG. 25 is an illustration showing the venous catheter and the arterial catheter in the

adjacent blood vessels under simulated in-vivo conditions.

FIG. 26 is an illustration of a fluoroscopic-created image showing the alignment between

the venous catheter and the arterial catheter of FIG. 23.



FIG. 27 is a sectional view of the alignment overlap between the distal end of the venous

catheter and the distal end of the arterial catheter under simulated in-vivo conditions.

FIG. 28 is a cross-section illustration of the aligned venous catheter and arterial catheter

showing the act of perforating vascular walls to generate an arteriovenous (AV) fistula.

DETAILED DESCRIPTION

By way of overview, the present invention provides a percutaneous catheter assembly

and methodology for creating any vascular access site between vessels, including fistulas and

vascular grafts. An arteriovenous (AV) fistula is an induced native channel formed to connect an

artery to a vein, whereas AV graft is an artificial connection that connects the artery to the vein.

In addition, the term "fistula" is commonly used to generally describe both native and artificial

connections between arteries and veins. In one embodiment, the invention provides a

percutaneous arteriovenous fistula catheter (hereinafter "PAVFC") assembly and methodology

which will generate a fistula between an adjacently located artery and vein or an adjacently

located pair of veins in the peripheral vascular system. The arteriovenous (hereinafter "AV")

fistula or veno-venous fistula (hereinafter "VV") is created in a controlled manner between

closely associated blood vessels, ideally in the distal extremities (arms or legs) of the patient.

However, usage at any anatomic site is possible and the AV (or VV) fistula can be generated on-

demand at a pre-determined vascular site under carefully monitored clinical conditions. For

purposes of discussion, the following description is directed to the generation of a fistula

between two vessels, particularly an AV fistula. It should be noted that catheter assemblies and

methods consistent with the present disclosure are not limited solely to the generation of fistulas,

specifically AV fistulas, and may provide the generation of all forms and types of vascular

access sites in many systems of the body, such as the respiratory system, digestive system, and

circulatory system.

One aspect of the invention provides a catheter assembly configured for percutaneous

introduction into and extension through a blood vessel and further configured to create a fistula

between two closely associated vessels. The catheter assembly includes at least one catheter

having both intraluminal imaging capabilities as well as the ability to create a fistula on-demand

within a vessel. The catheter includes a tube having an axial length and having a discrete

proximal end, a discrete distal end, and at least one internal lumen of predetermined volume.



The discrete distal end includes a distal end tip configured for intravascular guidance of the tube

through a blood vessel in-vivo to a chosen anatomic site. The catheter may include an imaging

probe, such as an intravascular ultrasound (IVUS) probe, configured to obtain intravascular

image data, which can be used for guiding the distal end tip to the chosen anatomic site and

further positioning a vascular wall perforation member for creating the fistula.

The catheter further includes one or more magnet members positioned at the discrete

distal end and set in axial alignment with the distal end tip of the tube, the magnet members

having sufficient magnetic force to cause an adjustment in position for the tube when in

proximity with a source of magnetic attraction disposed within a closely associated blood vessel

in-vivo. The catheter further includes a vascular wall perforation member positioned at the

discrete distal end adjacent to the magnet members and set in axial alignment with the distal end

of the catheter, the magnet members having sufficient magnetic strength to cause an adjustment

in position for the catheter when in proximity with an alternative source of magnetic attraction

disposed within a closely associated blood vessel. The catheter further includes a controller for

activating the vascular wall perforation member of the tube on-demand wherein the vascular wall

perforation member perforates the chosen anatomic site to generate a fistula in-vivo between the

closely associated blood vessels.

In another aspect, the present invention provides a catheterization method for generating

a fistula between closely associated vessels, such as an arteriovenous (AV) fistula or a veno-

venous (VV) fistula on-demand, at a chosen anatomic site in-vivo. The catheterization method

includes procuring at least one catheter suitable for percutaneous introduction into and extension

through a blood vessel in-vivo to a chosen anatomic site. The catheter has both intraluminal

imaging capabilities and the ability to create a fistula on-demand within a vessel. The catheter

includes a tube having an axial length and having a discrete proximal end, a discrete distal end,

and at least one internal lumen of predetermined volume. The discrete distal end includes a

distal end tip configured for intravascular guidance of the tube through a blood vessel in-vivo to

a chosen anatomic site. The catheter may include an imaging probe, such as an intravascular

ultrasound (IVUS) probe, configured to obtain intravascular image data, which can be used for

guiding the distal end tip to the chosen anatomic site and further positioning a vascular wall

perforation member for creating the fistula.



The catheter further includes one or more magnet members positioned at the discrete

distal end and set in axial alignment with the distal end tip of the tube, the magnet members

having sufficient magnetic force to cause an adjustment in position for the tube when in

proximity with a source of magnetic attraction disposed within a closely associated blood vessel

in-vivo. The catheter further includes a vascular wall perforation member positioned at the

discrete distal end adjacent to the magnet members and set in axial alignment with the distal end

of the catheter, the magnet members having sufficient magnetic strength to cause an adjustment

in position for the catheter when in proximity with an alternative source of magnetic attraction

disposed within a closely associated blood vessel. The catheter further includes a controller for

activating the vascular wall perforation member of the tube on-demand wherein the vascular wall

perforation member perforates the chosen anatomic site to generate a fistula in-vivo between the

closely associated blood vessels.

The catheterization method further includes percutaneously introducing the catheter into

a first blood vessel and extending the catheter intravascularly to a chosen anatomic site adjacent

to a closely associated blood vessel. The method further includes acquiring intraluminal image

data of the first blood vessel with the IVUS probe, for example, to assist in navigating the

catheter within the vessel and positioning of the vascular wall perforation member with respect

to the anatomic site. The method further includes percutaneously introducing a source of

magnetic attraction into a closely associated second blood vessel and extending the source of

magnetic attraction intravascularly to the chosen anatomic site to be in transvascular proximity to

the extended catheter. The method further includes permitting a transvascular magnetic

attraction to occur between the magnetic member of the extended catheter in the first blood

vessel and the source of magnetic attraction in the closely associated second blood vessel,

whereby the vascular wall perforation member of the catheter comes into transvascular

alignment with the closely associated second blood vessel. Upon coming into alignment, the

vascular wall perforation member is activated on-demand, perforating the vascular walls of the

closely associated blood vessels concurrently at the chosen anatomic site so as generate a fistula

in-vivo.

As such, the present invention provides multiple advantages and unique benefits to both

the physician and the patient, some of which include the following.



The present invention is not a surgical procedure as such. To the contrary, the PAVFC

assembly and methodology is a radiological technique which avoids the use of surgical incisions

and procedures and eliminates the need for surgically created AV (and VV) fistulas. It is well

recognized that chronically ill patients such as renal failure patients have an impaired wound

healing capacity, are subject to an increased incidence of infection after surgery, and are subject

to a high risk of hemorrhage as a consequence of surgical procedures. The present invention

permits the generation of AV (or VV) fistulas without necessitating surgery or surgical incision,

thereby reducing the risk to the chronically ill patient. In addition, by the avoidance of surgical

procedures as such, the need for an operating room, an anesthesiologist, and surgical nursing

staff is obviated.

The present invention allows for AV or VV fistula formation in anatomical areas where

surgical procedures would be difficult, if not impossible, to perform. For example, in

hemodialysis, surgical access for the creation of an AV fistula is often limited to the distal radial

artery. However, often there is not an adjacently positioned or closely associated distal vein of

sufficient size in the same anatomical area which is surgically accessible. In comparison, the

PAVFC technique comprising the present invention generates fistula in the peripheral vascular

system between closely associated arteries and veins where traditional surgical exposure would

be impossible in most instances. Accordingly, the present invention allows for and has the

potential to utilize many more vascular sites in the peripheral circulation as locations for the

generation of an AV fistula on-demand.

The present invention allows for the identification and evaluation of juxtapositioned

blood vessels in the entire extremity (preferably by use of intravascular ultrasound to identify the

most favorable anatomical site) in order to provide an accurate assessment of venous diameter at

a specific vascular site prior to performing the technique to generate an AV or VV fistula.

Peripheral veins of small diameter or having thin walls which are typically unsuitable for

surgical anastomosis are easily located and now become available for use, and the determination

of whether or not a portion of the venous vascular wall is closely associated with and lies

adjacent to an artery (or vein) can be routinely made.

The present assembly and methodology allows the radiologist to determine with

substantial certainty whether or not a suitable vein exists in the vicinity of a closely associated

peripheral artery (or vein) prior to beginning the requisite sequence of steps necessary to



generate a fistula. Not only is the juxtapositional determination made, but also the specific site is

chosen in advance which provides the best combination of anatomical circumstances (including

anatomic location, arterial venous proximity, arterial diameter, and venous diameter). In this

manner, the radiologist may thoroughly consider a given vascular site for generating the fistula,

determine whether or not to seek a more favorable location in the same closely associated vein

and artery or in another artery and vein in the same extremity, or whether to redirect the catheter

assembly into another extremity in order to find a more favorable anatomical site.

The assembly and method of the present invention also provide a most important benefit

in that the blood vessels are not dissected out or manipulated as a prerequisite of AV fistula

formation. The tenuous vaso vasorum therefore remains preserved in the naturally occurring

state, a circumstance which improves vascular patency. This benefit stands in contrast to the loss

of the vaso vasorum and other undesirable consequences of vascular manipulation necessitated

by conventional surgical AV or VV fistula creation which cause injury to the delicate vein wall

and result in contraction of the vein—a condition which limits the vein's ability to dilate and may

contribute to early fistula failure. Moreover, although introducing the catheter of the present

invention into a vein may be traumatic to the venous endothelium at the site of entry, the injured

segment of the vein will be distal to the AV fistula, and patency of this injured segment is not

necessary for proper fistula function. In addition, as the procedure for fistula formation is

performed at sites of close arterial venous approximation, no venous distortion or kinking occurs

or is necessary in the creation of the fistula.

The present invention provides far less risk to the critically or chronically ill patient in

comparison to conventional surgical procedures for creation of AV (or VV) fistulae. The

PAVFC technique offers fewer potential problems than routinely occur with conventional

surgical procedures, and these relatively few potential problems relate primarily to the risk of

hemorrhage. However, even this potential risk of hemorrhage is deemed to be small, is clinically

obvious if and when it occurs, and is readily controlled with direct pressure using a conventional

blood pressure cuff or manual compression.

The present invention is intended to be employed in multiple use circumstances and

medical applications. An envisioned and particularly desirable circumstance of usage is to

provide long term vascular access for hemodialysis for those patients requiring permanent or

long term dialysis. Additionally, the PAVFC technique can be used to create AV fistulae for the



administration of caustic chemotherapeutic agents. In each of these instances, the PAVFC

technique will not only identify one or more favorable vascular sites in the radial and ulnar

arteries along their peripheral length, but also will identify other adjacently positioned veins and

the most desirable anatomical sites within the closely associated vein, particularly when lying

within the distal portion of the forearm. In addition to these particular usages, the present

invention allows for the generation of an AV or VV fistula for any other medical purpose,

condition, or circumstance. Thus, the PAVFC technique can also be desirably used for creation

of additional vascular interconnections in the peripheral blood circulation between arteries and

veins, to generate a greatly enlarged blood vessel segment in the peripheral vascular system

which then would be surgically excised and employed as a vascular bypass graft or harvested on

a pedicle in another anatomical area, and to generate on-demand alternative blood circulation

pathways between arteries and veins in the peripheral vascular system when blockages and other

vascular obstructions exist.

The present invention intends and expects the radiologist or attending physician to create

a fistula in-vivo between an adjacently positioned and closely associated vein and artery (or

between two closely associated veins) in the peripheral vascular system of a chronic or critically

ill patient. In effect and result, therefore, the present invention generates a direct flow

connection between a functioning artery and vein (or between two functioning veins) without the

existence or usage of intervening capillaries.

To generate the AV fistula, the present invention perforates the immediately adjacent

vascular walls of both the vein and the artery concurrently, directly, and in tandem. Moreover,

unlike conventional surgical procedures to create fistulas and shunts, there are no sutures used to

join the vascular walls at the point of perforation, and no synthetic or artificially introduced

component for joining or attaching the perforated vein to the perforated artery are employed in

order to obtain hemostasis at the point of anastomosis. It may therefore seem counterintuitive to

the reader that an AV fistula can be generated as described without exsanguination into the arm

or leg of the patient and without risk of blood loss or even death as a consequence of performing

the methodology.

The principle that enables an arteriovenous fistula to be created in this way, however, is

clearly demonstrated clinically and is encountered frequently. Unintended acquired

arteriovenous fistulas are encountered occasionally in evaluation of patients with penetrating



trauma such as knife stabbings, gun-shot holes, and other perforations of the body caused by

violent acts. Physical exam of the wound in these individuals demonstrates venous engorgement

of the involved extremity in conjunction with an audible bruit or even a palpable venous thrill.

Subsequent arteriogram of the wound area demonstrates an arteriovenous fistula in the vicinity

of the knife or missile tract. Other patients also with vascular injury after penetrating trauma,

however, do not develop arteriovenous fistulae. Most of these patients are found instead to have

a pulsatile mass without pronounced venous engorgement, and an arteriogram of these patients

demonstrates a pseudoaneurysm or contained rupture of the injured vessel. Note that these two

types of injuries are almost never seen in tandem. It is extremely unusual for a patient with an

arteriovenous connection to have a pseudoaneurysm, and vice-versa. Similarly, some patients

develop an arteriovenous connection between the common femoral artery and the femoral or

saphenous vein as a complication of percutaneous arterial access, whereas others develop

pseudoaneurysms, but the two clinical findings are almost never seen together in one patient.

Yet all of these patients are similar in that they have sustained substantial injury to a sizable

artery. The difference in clinical findings thus lies in the spatial relationship existing between

the injured blood vessels in-vivo.

In each example cited above, the patient has sustained an arterial vascular injury, either

by knife, bullet, or angiographic needle. The tissues surrounding the peripheral artery are

adherent to the adventia (or outer layer of the artery wall), but can be dissected off by an

expanding hematoma. The blood extravasating through the arterial injury does so at arterial

pressure which provides the force necessary for the continued expansion. The hematoma (or

clotted blood collection) lyses within a day or two, leaving a juxta-arterial cavity that

communicates with the vessel lumen. The resulting clinical finding is that of pseudoaneurysm.

In some patients, however, there is also a closely associated venous injury concurrent with the

arterial damage. If the venous injury is of sufficient size and appropriate orientation, an

arteriovenous fistula results. Blood leaves the artery through the arterial injury, flows along the

knife or missile tract, and enters into the vein through the venous injury. Moreover, because the

venous system has such low resistance, the hydrodynamic pressure generated in the vicinity of

the injury is not sufficient to cause a dissecting hematoma. The high flow velocity between the

artery and vein maintains the patency of the fistula thereafter.



It can be properly believed that every penetrating injury to an extremity is associated with

multiple arterial and venous injuries of various sizes. The likelihood of developing an

arteriovenous fistula after penetrating injury is thus related to the caliber of the blood vessels

injured and the vascular geometry of the injury. If clean, linear perforations are made in

immediately adjacent walls of 3-4 mm blood vessels, a fistula would almost certainly develop,

and extravasation and pseudoaneurysm formation would be most improbable and highly

unlikely.

The present invention thus relies on this clinical basis for support, provides a catheter

assembly and a methodology by which to access adjacently located arteries and veins in the

extremities, and further includes the ability to generate a perforation on-demand at a chosen

anatomic site in the peripheral vascular system between a closely associated artery and vein such

that an aperture or hole is bored or otherwise created concurrently through both the adjacent

arterial and venous walls. A direct blood flow connection is thus generated by which arterial

blood passes through the perforation in the arterial wall and into the vein lumen, through the

aligned perforation in the immediately adjacent, low resistance vein. The underlying principle

and basis is clinically established and documented, and there is no meaningful doubt or

uncertainty that an AV fistula can be created on demand and in-vivo within the extremities of the

patient in a safe and reliable manner using the assembly of the present invention, standard

catheterization techniques, and conventionally known radiological procedures.

Catheterization involves a great deal of technical skill, complex instrumentation and

mature judgment in order to choose among the appropriate procedures and the various

techniques which are now conventionally known and commonly available. Clearly, because the

present PAVFC technique utilizes catheter intervention in critically or chronically ill patients, the

physician must be very familiar with the available anatomical alternatives for accessing the

peripheral vascular system in order to select the best site for introducing the catheter, the best

route to the desired area of the body, and the optimal timing and other operative conditions in

order to achieve the best results.

Catheterization as a general technique can be performed using any duct, tube, channel, or

passageway occurring naturally or surgically created for the specific purpose. Thus, among the

naturally occurring passageways are the anus, the alimentary canal, the mouth, ear, nose, or

throat, a bronchus, the urethra, the vaginal canal and/or cervix, and any blood vessel. However,



clearly the most common used and critical route of access for the present invention is the

introduction of catheters into the vascular system. For this reason, it is useful to describe

conventional guiding catheters, and to briefly summarize the technique currently in use for

introduction of catheters into the vascular system as an illustrative example of general

catheterization techniques.

There are two general methods currently in use for catheterization. These are: (a)

percutaneous introduction using needles and guidewires, and (b) direct introduction after surgical

isolation of the blood vessel of choice. While either general method may be utilized at any site

of the vascular system, practical and anatomical considerations will generally dictate which

approach is most appropriate under the individual circumstances. Most often, however, the

modified Seldinger technique is favored for use.

The percutaneous introduction of a catheter is best illustrated by the modified Seldinger

technique which is conventionally known and shown by FIGS. 1A-1F. FIG. 1A shows a blood

vessel being punctured with a small gauge needle. Once vigorous blood return occurs, a flexible

guidewire is placed into the blood vessel via the needle as shown by FIG. IB. The needle is then

removed from the blood vessel, the guidewire is left in place, and the hole in the skin around the

guidewire is enlarged with a scalpel as shown by FIG. 1C. Subsequently, a sheath and a dilator

is placed over the guidewire as shown by FIG. ID. Thereafter, the sheath and dilator is advanced

over the guidewire directly into the blood vessel as shown by FIG. IE. Finally, the dilator and

guidewire is removed while the sheath remains in the blood vessel as illustrated by FIG. IF. The

catheter is then inserted through the sheath and fed through the blood vessel to reach the desired

location.

The other general method for the introduction of catheters into the blood circulation is

direct surgical cutdown. The surgical cutdown approach is generally used for the brachial

approach or the femoral approach. Cutdown procedure is often a complex surgical procedure

and is used only when percutaneous arterial puncture (as described above) has been

unsuccessfully attempted. A far more complex and fully descriptive review of both these general

catheterization techniques is provided by the texts of: Diagnostic And Therapeutic Cardiac

Catheterization, second edition, 1994, Chapter eight, pages 90-110 and the references cited

therein.



Accordingly, for purposes of practicing the present methodology, any and all generally

known catheterization procedures, assembly, and techniques which are conventionally employed

and are in accordance with good medical practice are explicitly intended to be utilized as

necessary in their original format or in a modified form. All of these general catheterization

routing and use techniques are thus envisioned and are deemed to be within the scope of the

present invention.

An axiomatic or general set of rules by which a physician can choose a proper or

appropriate site of entry for introducing a guiding catheter into the vascular system of a patient

for purposes of performing diagnostic tests or therapeutic interventions in-vivo is as follows: (a)

always pick the shortest and straightest pathway possible or available, (b) identify the patency of

an existing and accessible artery or vein, the larger the diameter of the blood vessel the better,

and (c) avoid arteries with obvious calcification or atheromatous involvement. One approach for

introducing a catheter into the body includes: (1) The intended site for entry is prepared and

draped in a sterile fashion; (2) The skin over the large bore artery or vein is infiltrated with 1%

lidocaine for local anesthesia; (3) A small skin nick is made over the anesthetized area; (4) Via

the skin nick, the large bore artery or vein is punctured using a single wall puncture needle; (5)

The amount and nature of blood returning through the needle is evaluated for proper needle

position; (6) A 0.035 inch or 0.038 inch guide wire is passed via the needle into the blood vessel;

(7) A 4-9 French dilator is passed coaxially over the wire and then is removed; (8) A hemostatic

4-9 French introducer sheath and obturator are passed coaxially over the wire, and the obturator

and wire are then removed; and (9) Via the hemostatic introducer sheath, the guiding catheter is

passed through the blood vessel and located at the intended use site.

The catheter assembly comprising the present invention can take many different and

alternative forms and be constructed in a diverse range of widely different embodiments. As a

favored approach, it is generally desirable that the catheter assembly comprise two discrete

catheters introduced into the body independently but employed in tandem in order to generate an

AV fistula in-vivo. Nevertheless, in certain limited medical instances and under demanding

medical circumstances, it is both envisioned and acceptable to employ a single catheter alone for

percutaneous introduction and extension through a vein or artery in order to generate an AV

fistula on-demand. Thus, although the use of a single catheter independently may be an

undesirable format and mode of usage of the present invention, the single catheter construction



and usage nevertheless will serve and provide a means for generating an AV fistula between an

adjacently positioned artery and vein at a chosen anatomic site in-vivo. However, if the

physician has a choice given the particular circumstances and ailments of his patient, it is far

more desirable that a pair of catheters be employed concurrently and in tandem in order to

achieve a far greater degree of certainty and reliability in the outcome.

First Embodiment of Catheter Assembly

A preferred embodiment of the catheter assembly able to generate an AV fistula on-

demand between a closely associated artery and vein at a chosen anatomic site in-vivo employs a

pair of uniquely constructed catheters concurrently and in-tandem. The first catheter of the pair

is suitable for percutaneous introduction and extension through a vein in-vivo to a chosen

intravenous location and is illustrated by FIG. 2 . As exemplified by FIG. 2, a venous catheter 10

is seen having a hollow tubular wall 12 of fixed axial length, an interlocking proximal end 14 for

the catheter 10, a discrete distal end 16 and a co-axial internal lumen 18 which extends from the

interlocking proximal end 14 to the distal end 16. Other features of the venous catheter 10 are

described hereinafter.

The second of the pair in this preferred embodiment of the catheter assembly is

exemplified by FIG. 3 which illustrates a second catheter suitable for percutaneous introduction

into and extension through an artery in-vivo to a chosen intraarterial site. As exemplified by

FIG. 3, an arterial catheter 200 is seen having a hollow tubular wall 202 of fixed axial length,

two proximal portals 204, 206 which together form a discrete proximal end 208 for entry into the

internal volume of the catheter 200, a single discrete distal portal 210 for passage of a guidewire,

and a discrete distal end 212, and an internal lumen 214. Additional details for the arterial

catheter are described hereinafter.

In this preferred embodiment, the construction, some specific features, and the designated

purpose for each catheter in the pair are markedly different. While each catheter in the pair share

common features for purposes of location finding and placement intravascularly, this preferred

embodiment of the assembly employs the venous catheter as the active source and physical

means by which the vascular walls are perforated in order to generate an AV fistula. In contrast,

the intended arterial catheter serves as a passive source of reinforcement, of alignment, and of



abutment intravascularly. Due to these different functions and construction features, the details

of each catheter in the pair will be described in detail independent from the other.

The essential component parts and their interrelationship is illustrated by FIGS. 4-8

respectively. As seen therein, FIG. 4 shows a hollow introducer cylinder 20 which is a thin wall

tube having a large diameter internal lumen 22. The proximal end 24 is configured as a locking

arrangement 26 comprising two anti-rotation support bars 28, 30, an interlocking notch 32, and a

flat interlocking surface 34. The internal lumen 22 extends through the entirety of the locking

arrangement 26. In comparison, the distal end 36 terminates as a planar surface 38 and contains

a cutout slot 40 in the tubular wall of the introducer cylinder 20. The internal lumen 22 extends

through the planar surface 38 at the distal end 36, and the cutout slot 40 exposes a portion of the

internal lumen volume to the ambient environment.

A component part of the venous catheter is the internal obturator shown by FIG. 5 . An

obturator, by definition, is a structure which closes or stops up an opening such as a foramen or

internal lumen. As illustrated within FIG. 5, the obturator 50 is an extended rod-like hollow

shaft of fixed axial length but having an external shaft diameter which is slightly smaller in size

than the internal lumen 22 of the introducer cylinder 20 of FIG. 4 . The obturator 50 has a small

diameter internal lumen 52 which continues axially from the proximal end 54 to the distal end

56. The proximal end 54 is purposely configured as a semi-circular disc 58 having an extended

finger portion 60. The small diameter internal lumen 52 of the obturator 50 extends through the

semicircular disc portion 58 as shown. In comparison, the distal end 56 terminates as a tapered

end tip 62 and contains a portal 64 of sufficient size for a conventional guidewire to pass there

through into the lumen 52.

It is intended and expected that the obturator 50 of FIG. 5 will be fitted into the proximal

end 24 of the introducer cylinder 20 (illustrated by FIG. 4) and be extended through the large

diameter internal lumen 22 along the entire axial length to form a cylinder-obturator composite

as shown by FIG. 6 . As seen therein, the locking arrangement 26 at the proximal end of the

introducer cylinder 20 interlocks with the extended finger 60 and semi-circular disc 58 of the

obturator 50 to form a composite proximal end 70. Similarly, the distal tapered end tip 62 of the

obturator 50 passes through the distal end 38 of the cylinder 20 to form a composite distal end

72.



Note that in this composite orientation illustrated by FIG. 6, the small diameter internal

lumen 52 of the obturator 50 is longer in axial length than the large diameter internal lumen 22 of

the introducer cylinder 20, and that the cutout slot 40 of the introducer cylinder 20 exposes the

obturator distal end 62 to the ambient environment at the composite distal end 72. Moreover, the

portal 64 of the obturator 50 passes through the planar surface 38 of the introducer cylinder 20

and extends into the ambient environment with the concurrent exposure of the distal tapered end

tip 62 and the portal 64 beyond the composite distal end 72.

The cylinder-obturator composite of FIG. 6 is the article to be percutaneously introduced

into a peripheral vein and is to be extended intravenously through the peripheral vein until a

desired location is reached. The percutaneous introduction is achieved typically by positioning a

guidewire in the desired vein, utilizing percutaneous venipuncture, guiding catheters,

fluoroscopy, and contrast venography. The back of the guidewire is first passed through the

portal 64 at the distal end tip 62 and then passed through the internal lumen 52. The entire

cylinder-obturator composite is then extended over the guidewire into the vein. The guidewire

introduced at the portal 64 will travel over the entire axial length of the internal lumen of the

obturator and exit at the composite proximal end 70 in a conventionally known manner. The

cylinder-obturator composite is then extended intravascularly using the guidewire for extension

through the vein. In this manner, the obturator acts as a support vehicle and stiffening rod for the

venous catheter during initial introduction and placement of the catheter in the vein.

When a vascular site is chosen which is deemed suitable for use, the entirety of the

obturator 50 is removed from the internal lumen 22 of the introducer cylinder 20. The obturator

of FIG. 5 is then to be entirely replaced and be substituted for by the tubular cutting tool

illustrated by FIGS. 7 and 8 respectively. FIG. 7 shows the entirety of the tubular cutting tool as

configured for this preferred first embodiment, and FIG. 8 shows particular details and individual

structures existing at the distal end of the cutting tool.

As shown in FIG. 7, the tubular cutting tool 80 is an extended hollow tube 82 whose

external diameter is sized to be only slightly smaller than the internal lumen diameter 22 for the

introducer cylinder 20 of FIG. 4 . The tubular culling tool 80 itself has a small bore internal

lumen 84 whose volume provides several capabilities. In part, the internal lumen 84 serves as a

communication passageway for carrying an actuation wire 86 which is inserted at the proximal

end 88 and conveyed via the internal lumen 84 to the distal end 94 of the cutting tool 80. The



actuation wire 86 is employed by the physician to activate the vascular wall perforation

capability on-demand. In addition, the internal lumen 84 serves as a volumetric passageway for

the conveyance of pressurized carbon dioxide gas from the proximal end 88 to the distal end 94.

A gas conduit 85 is attached to and lies in fluid flow continuity with the internal lumen 84 at the

proximal end 88. A source of pressurized carbon dioxide gas (not shown) is controlled by a

stopcock 87 which introduces a flow of pressurized carbon dioxide gas at will into the volume of

the internal lumen 84 for conveyance to the distal end 94. An aperture 97 in the tubular cutting

tool 80 at the distal end 94 provides for egress of the pressurized carbon dioxide gas after being

conveyed through the internal volume 84.

Note also that the proximal end 88 is configured as an oval disc 90 having a rib 92

extending therefrom. The proximal end 88 thus forms part of an interlocking system suitable for

engagement with the locking arrangement 26 of the introducer cylinder 20 illustrated previously

by FIG. 4 herein. The radiopaque components of the cutting tool are non-axisymmetric which

allows the polar (rotational) orientation of the cutting tool-introducer cylinder composite to be

determined fluoroscopically. The cutting tool-introducer cylinder composite can then be rotated

by manipulating the proximal end to adjust polar orientation.

FIG. 8 (as a cutaway view) reveals the details of the distal end 94 of the tubular cutting

tool 80. The distal end 94 has three specific parts: a tapered end tip 96, vascular wall perforation

member 98, and first and second magnet members 100a and 100b positioned adjacent to and in

axial alignment with the vascular wall perforation member. It will be recognized and

appreciated that (as shown within FIG. 8) the vascular wall perforation member 98 is situated

near the tapered end tip 96 and is flanked by first and second magnet members 100a and 100b.

However, the placement and ordered sequence of the magnet members 100a and 100b and the

vascular wall perforation member 98 can be altered and interchanged in location as acceptable

variations to the ordered sequence of parts presented by FIG. 8. Furthermore, a single magnet

member rather than use of a pair is acceptable as another variation of the construction and

structure.

In addition, it will be seen that the actuation wire 86 extends from the proximal end

through the lumen 84 to the distal end 94 and connects with the vascular wall perforation

member 98 such that the perforation mechanism can be activated at will and on-demand by the



physician retaining possession of the proximal end of the tubular cutting tool 80 which remains

exposed to the ambient environment outside the skin.

FIG. 8 also reveals several notable features about the magnet members 100a and 100b

and the vascular wall perforation member 98 respectively. The magnet members are housed

within and contained by the tubular wall of the cutting tool 80 entirely. The magnet members are

desirably rare earth magnets or electromagnets having sufficient magnetic power and strength to

attract and align another source of magnetic attraction such as a second catheter with the

magnetic properties in-vivo. The magnet members may be a solid rod or a configured bar of

matter within the lumen of or integral to the tubular wall of the cutting tool. While the actual

dimensions may vary widely and radically, a typical rare earth magnet will be configured as a

cylindrical mass 8-10 mm in length and 2-3 mm in diameter. The magnetic members are firmly

embedded within the interior of the tubular cutting tool and will not shift or change position or

orientation after the tubular cutting tool 80 has been manufactured and completely assembled.

Note also that the vascular wall perforation member of FIG. 8 rests completely within the

interior volume of the cutting tool in the passive state but is elevated to become exposed to the

ambient environment in the activated state. As is shown within FIG. 8, a fenestration 112

permits ambient exposure of a perforating mechanism through the tubular wall of the cutting tool

80 via elevation onto a tracked template 110 which escalates the perforation mechanism to a

greater height from within the interior of the cutting tool 80. The particular perforation

mechanism illustrated within FIG. 8 is shown as a sliding electrode 114 through which

radiofrequency cutting current is passed.

The components and methods by which the perforation mechanism is activated and

placed in appropriate elevated position to achieve perforation are shown by FIGS. 9A-9D

respectively. The actuation wire 86 provides the physician with the point of control. As the

actuation wire 86 is pulled by the attending physician at the proximal end, the sliding electrode

114 is elevated and moves along a set track on the template 110. The non-linear geometry of the

track causes the electrode 114 to protrude through the fenestration 112 and become exposed to

the ambient environment over the entire length of the template distance. Subsequently, when the

actuation wire is advanced towards the distal end, the electrode 114 travels in the reverse

direction and returns to its original position within the interior of the tubular cutting tool 80. In

this manner, the attending physician can activate and inactivate the perforation member at will,



and cause the sliding electrode 114 to become exposed as a consequence of moving along a set

track and distance, and then to subsequently withdraw and reverse its direction of travel such that

it becomes enclosed again and protected by the tubular wall of the cutting tool 80.

During the activation of the sliding electrode 114, a radiofrequency alternating current of

predetermined amplitude (a) and frequency (f) is applied to the electrode and conducted through

actuation wire 86 with a complimentary electrode disposed within the arterial catheter serving as

the ground. The radiofrequency current traveling from the elevated electrode 114 in the tubular

cutting tool 80 to the complimentary electrode in the arterial catheter thus is the active cutting

force which creates a perforation through the vascular walls on-demand. To provide sufficient

and readily available radiofrequency current when and as required, a conventional electrosurgical

console (such as a BOVIE, BARD, or VALLYLAB console) is preferably used as a power

source.

Concurrent with electrode activation, the attending physician will also open the stopcock

87 and allow a flow of compressed carbon dioxide gas (C02) into the tubular cutting tool 80.

Preferably an electrically actuated solenoid (not shown) is used to release a burst of compressed

C02 gas from the pressurized tank in synchrony with the application of the radiofrequency

current. The released burst of the compressed C02 is delivered through the gas conduit 85 into

the internal lumen 84, where it travels through the interior of the cutting tool 80 to the aperture

97, and exits through the aperture 97 into the vein lumen. The volume of C02 gas exiting the

aperture 97 transiently displaces the venous blood in the area of the fenestration 112 during the

radiofrequency activation of the sliding electrode 114, a highly advantageous circumstance.

Blood is an aqueous, electrolyte-rich fluid which conducts electrical current readily. As such,

the temporary displacement of blood by C02 in the vein lumen (and after perforation in the

arterial lumen as well) at the selected anatomic site is desirable to obtain sufficient electrical

current density at the point of electrode contact to cleanly incise and penetrate through the

vascular walls.

The complete venous catheter suitable for activation on-demand and for generating an

AV fistula is shown by FIG. 10. Clearly, the insertion of the tubular cutting tool 80 into the

internal lumen 22 of the external cylinder 20 in a locked arrangement provides the venous

catheter suitable for use in-vivo. The cylinder-cutting tool composite of FIG. 10 is the

complement and counterpart of the cylinder-obturator composite of FIG. 6 . However, the



functions of each composite construction are markedly different. Thus, whereas the cylinder-

obturator composite of FIG. 6 provides a highly desirable catheter for percutaneous introduction

and extension intravenously through a peripheral vein to a specific location or chosen anatomic

site, the cylinder-cutting tool composite of FIG. 10 provides the alignment and specific

placement intravenously at a chosen anatomic site within the vein as well as providing the

physical mechanism by which to perforate the vascular walls of closely associated veins and

arteries concurrently. In addition, the radiopaque non-axisymmetric components allow

fluoroscopic identification and manual adjustment of polar (rotational) orientation of the cutting

tool-introducer cylinder composite.

The arterial catheter is a long, flexible hollow tube having a fixed axial length, a discrete

proximal end, a discrete distal end, and at least one internal lumen of predetermined volume as is

illustrated by FIG. 3 herein. Typically, the axial length will vary in the range from about 40-150

centimeters and the external diameter of the hollow tube will often be in the range from about

I .5-2.5 millimeters in size. While the proximal end of the arterial catheter is conventional in

most respects, the internal lumen of the catheter is preferably joined to and lies in fluid

communication with a source of compressed carbon dioxide gas (C02) in a manner similar to

that previously described herein for the proximal end of the venous catheter. Thus, compressed

C02 gas is released on-demand from a pressurized tank, is delivered via a gas conduit into the

internal lumen, and travels through the linear volume of the internal lumen to a distal aperture

through which the C02 gas exits into the arterial lumen in-vivo. The volume of C02 gas exiting

the catheter displaces at least some of the arterial blood in the anatomic area of the electrode, and

maintains the radiofrequency electrical current density at the point of contact between the radio

frequency electrode and the vascular tissue. This will facilitate clean incision of the vascular

walls.

The distal end of the arterial catheter is unique in structure, construction, and

organization. A detailed showing of the distal end is provided by FIG. 11. As shown by FIG.

II, the arterial catheter 200 has a distal end 212 which is divided into four individual segments in

series. Farthermost is the tapered distal end tip 224 having portals 226 and 210 and non-

axisymmetral lumen 227 for externalized passage of a guidewire there through, and an aperture

234 for the egress of compressed C02 gas into the arterial lumen. The tapered distal end tip 224,

the portals 226 and 210, and the lumen 227 thus serve as and are adapted for intraarterial



guidance of the arterial catheter externally over a guidewire and through a blood vessel in-vivo

to a chosen anatomic site. In contrast, the aperture 234 is in direct communication with the axial

internal lumen 214 and allows the passage of compressed C02 gas through the catheter interior

with egress via the aperture. This facilitates the creation of the AV fistula by displacement of

arterial blood on-demand at the chosen anatomic site.

Positioned adjacent to the tapered distal end tip 224 are a pair of rare earth magnets 228a

and 228b which serve as the magnet members for this embodiment. The rare earth magnet pair

228 is set in axial alignment with the distal end tip 224 and has sufficient magnetic power and

strength to cause an adjustment in intraarterial catheter position when placed in proximity with

the magnet members of the venous catheter described previously herein.

The fourth structure is the fixed electrode 230 which serves as the electrical ground for

the radiofrequency circuit, and which is positioned adjacent to and flanked by the rare earth

magnet pair 228 and which is set in axial alignment with the tapered distal end tip 224 of the

arterial catheter 200. The arterial electrode 230 provides intravascular support for a chosen

portion of the arterial wall and completes the radiofrequency circuit during the perforation

process in-vivo in order to generate an AV fistula. The remainder of the hollow tubular wall 202

and the axial internal lumen 214 are as previously described.

Since magnetic interaction is deemed essential to the proper function of the arterial

catheter, the magnetic members preferred in this embodiment is the use of two rare earth

magnets which will provide sufficient magnetic power to cause an intravascular adjustment in

position for the arterial catheter when in proximity to the magnetic members of the venous

catheter in-vivo. Accordingly, some examples of magnetic materials for use as a magnet

member include, but are not limited to neodymium-iron-boron compositions and cobalt-

samarium compositions. Alternatively, an electromagnet can be substituted in place of a rare

earth magnet composition as a desirable magnetic member. In addition, any other source of

magnetism which can be demonstrated to provide sufficient magnetic power (as conventionally

measured and determined in Gauss) may be employed and positioned as an effective and useful

substitute.

In comparison, the arterial electrode has two specific functions in-vivo: To provide a

physical source of reinforcement and support during; the process of perforating both the venous

and arterial vascular walls concurrently; and to provide a grounding terminal for completion of



the radiofrequency electrical circuit. The electrode may therefore be composed of any non-

ferrous conductive matter such as carbon, copper, zinc, aluminum, silver, gold, or platinum.

In the preferred embodiment of the catheter assembly, both the venous catheter and the

arterial catheter comprise electrodes, and the active force for transvascular perforation of the

closely associated vein and artery at a chosen anatomic site is via the transmission of a

radiofrequency electrical current at a predetermined amperage and frequency from the electrode

embedded in the aligned venous catheter through both vascular walls to the grounding electrode

within the aligned arterial catheter. The use of radiofrequency electric current, however, is only

one method for perforating the vascular walls of a closely associated vein and artery in order to

generate an AV fistula in-vivo.

In an alternative embodiment of the vascular wall perforation member disclosed in detail

hereinafter, a static discharge electrical spark is used to perforate the vascular walls between the

electrode in the venous catheter and the electrode in the arterial catheter. The electrodes in this

alternative format would differ little in design and structure from those depicted in the preferred

embodiment. Moreover, the displacement of venous (and arterial) blood by the introduction and

subsequent release of compressed C02 gas through the catheter internal lumen in this alternative

embodiment would also desirably occur as described for the preferred embodiment previously

herein, but this usage and feature is optional and is not a necessary adjunct to the process of

vascular wall perforation and AV fistula formation created by the use of a static electrical spark

between the electrodes.

In still another embodiment of a useful catheter construction, the vascular wall

perforation member can take form as a microscalpel of conventional design which may be

elevated from and subsequently recessed back into the internal volume of the tubular cutting tool

at the distal end using the fenestration and the tracked template of the venous catheter described

previously for the preferred embodiment. The microscalpel is used mechanically to incise and

bore into the vascular walls without the aid of electrical current. The venous cutting tool is

structurally similar to that disclosed as the preferred embodiment with the exception that the

sliding electrode has been replaced by a sliding microscalpel, which is similarly activated on-

demand by the physician using the actuation wire. In this microscalpel embodiment, however,

the presence of compressed C02 gas at the anatomic site chosen for AV fistula formation has no

advantage, consequently, the gas conduit, the stopcock, and the source of pressurized C02 gas as



components of the venous catheter are unnecessary and redundant. Furthermore, in this

microscalpel construction format, the electrode disposed at the distal end of the arterial catheter

in the preferred embodiment is now replaced and substituted by an abutment block (or anvil)

segment which is positioned adjacent to and is flanked by at least one or a pair of rare earth

magnets for catheter alignment as previously described. The placement and orientation of the

abutment block is similar to that shown for the grounding electrode in the preferred arterial

catheter construction, but the abutment block is typically a cylinder or rod composed of hard and

generally non-conductive, resilient matter which will provide firm support during the vascular

wall perforation process, and also serve to confine the microscalpel cutting action to penetrating

only a small and limited area of arterial vascular wall at the chosen anatomic site—thereby

preventing excessive vascular injury. The range of resilient materials suitable for the abutment

block thus include hard rubbers, plastics such as LEXAN or PLEXIGLASS polymers,

polycarbonate compounds, vinyl polymers, polyurethanes, or silicon-based compositions.

Both the venous catheter and the arterial catheter comprise unique features at their

respective distal ends which will provide proper alignment in-vivo in order that a AV fistula can

be generated on demand. Clearly, it is envisioned and intended that the venous catheter will be

percutaneously introduced and extended through a peripheral vein until a desirable anatomic

location is reached. Similarly, it is expected that the arterial catheter will be percutaneously

introduced into and extended through a closely associated peripheral artery until both the arterial

catheter and the venous catheter lie in adjacent position, each within its own individual blood

vessel. A representation of this adjacent positioning between the preferred arterial catheter and

the venous preferred catheter is illustrated by FIG. 12.

As shown within FIG. 12, each of the preferred catheters individually will rest

intravascularly within its own blood vessel (which has been deleted from the figure for purposes

of clarity) and lie in parallel alignment as a consequence of the magnetic attraction between the

pair of rare earth magnets 228a and 228b of the arterial catheter 200 and the opposite pair of rare

earth magnets 100a and 100b of the venous catheter 10. The magnetic attraction between these

four rare earth magnets is of sufficient magnetic power to cause intravascular adjustment in

position for the venous catheter 10 and the arterial catheter 200 lying within their individual, but

immediately adjacent, blood vessels. The magnetic attraction and force is thus a transvascular



effect and result whereby the magnetic field affects each of the catheters lying individually and

separately in different but closely associated blood vessels.

It is also important to note the orientation effect and overall alignment pattern created as

a consequence of transvascular magnetic attraction. The venous catheter is shown as extending

in a easternly direction such that the perforation member 98 (including the sliding electrode 114,

the elevating template 110 and the fenestration 112) are in proper position and flanked by the

pair of the rare earth magnets 100a and 100b. In comparison, the arterial catheter 200 lies in an

westernly direction such that the arterial catheter body is brought into aligned position over the

distal end tip 96 of the venous catheter 10, and consequently, that the grounding electrode 230 of

the arterial catheter 200 is brought directly into generally parallel alignment with the vascular

wall perforation member 98 of the venous catheter 10. In this manner, the grounding electrode

230 of the catheter then lying within the peripheral artery becomes closely associated and in

proper alignment with the sliding electrode 114 of the venous catheter 10 then lying with the

peripheral vein. The only intervening matter existing in-vivo is thus the thickness of the

peripheral vein wall, the thickness of tissue between the closely associated vein and artery, and

the thickness of the arterial wall itself. In correctly chosen anatomic sites, the sum of these three

thickness layers will typically be less than 3 mm in total distance. The sliding electrode (or other

vascular wall perforation member) can then be activated on-demand and at will with substantial

certainty that the physical action of perforating both the venous and arterial vascular walls can be

achieved with minimal injury to the blood vessels and with a minimal loss of blood volume into

the surrounding tissues.

It is essential to recognize and appreciate, therefore, that it is the magnetic attraction

between the rare earth magnets positioned in advance and set in axial alignment within each of

the venous and arterial catheters individually which creates the phenomena of transvascular

magnetic attraction and interaction and which generates sufficient force such that the individual

catheters lying in adjacent blood vessels will move in axial position as a consequence of the

strength of the magnetic interaction. Moreover, each catheter will move more readily with its

respective vessel lumen to apply compressive force, and in so doing, minimize the distance

between the radio frequency electrode and the sliding electrode. The grounding electrode of the

arterial catheter and the sliding electrode of the venous catheter are similarly aligned and set in

advance within each of the respective catheters such that when the transvascular magnetic



attraction occurs and each of the catheters individually move into position as a consequence of

magnetic attraction, the vascular wall perforation member will then be in proper parallel

alignment to generate an AV fistula on demand in a safe and reliable manner.

As will be described in greater detail herein, as part of the methodology for creating an

AV fistula, or any fistula, it is necessary to access the vasculature and identify the particular site

within the vasculature in which the fistula is to be created. Accordingly, in order to choose an

appropriate site in which to create the fistula, at least one of the venous catheter 10 and arterial

catheter 200 include intraluminal imaging capabilities, in addition to the other capabilities

described herein. It should be noted that other embodiments of the catheter assembly described

herein may also include intraluminal imaging capabilities. For example, in one embodiment, the

venous catheter 10 may further include an intraluminal imaging device configured to capture

intraluminal image data of the vessel (e.g., vein) in which the venous catheter 10 is inserted.

Upon processing of the image data, a visual representation of a cross-section of the vein can be

provided so as to allow an operator (responsible for carrying out the AV fistula methodology) to

visualize the internal structure of the vein and a closely related vessel (e.g., artery) and further

identify a desirable anatomic site in which to create the fistula. The intraluminal imaging device

may be included as part of the tubular cutting tool 80, for example, such that the cutting tool 80

may have an additional lumen to receive the intraluminal imaging device and separate that

imaging device (e.g., ultrasound transducers) from the perforation member 98. Accordingly,

rather than just being relied upon at the initial stages of the procedure for locating a desirable

anatomic site and assisting in the positioning of the vascular wall perforation member 98, the

intraluminal imaging device may be used continuously throughout the fistula generating

procedure to allow real- or near real-time imaging of the vessel(s) (e.g., vein and adjacent artery)

during creation of the fistula.

Exemplary imaging devices that may be used to obtain image data for the determination

of an anatomic site and further assist in positioning and on-going assessment of fistula creation

are shown in FIGS. 13 and 14. The catheter shown in FIG. 13 is a generalized depiction of a

phased array imaging catheter. Phased array imaging catheter 400 is typically around 200 cm in

total length and can be used to image a variety of vasculature, such as coronary or carotid arteries

and veins. Phased array catheter 400 can be shorter, e.g., between 100 and 200 cm, or longer,

e.g., between 200 and 400 cm. When the phased array imaging catheter 400 is used, it is inserted



into an artery along a guidewire (not shown) to the desired location (i.e. location of the vascular

access site). Typically a portion of catheter, including a distal tip 410, comprises a guidewire

lumen (not shown) that mates with the guidewire, allowing the catheter to be deployed by

pushing it along the guidewire to its destination. The catheter, riding along the guidewire, can

obtain images surrounding the vascular access site and within the vascular access site (e.g. within

the fistula or AV graft).

An imaging assembly 420 proximal to the distal tip 410, includes a set of transducers that

image the tissue with ultrasound energy (e.g., 20-50 MHz range) and a set of image collectors

that collect the returned energy (echo) to create an intravascular image. The array is arranged in

a cylindrical pattern, allowing the imaging assembly 420 to image 360° inside a vessel. In some

embodiment, the transducers producing the energy and the collectors receiving the echoes are the

same elements, e.g., piezoelectric elements. Because the phased array imaging catheter 400 does

not have a rotating imaging assembly 420, the phased array imaging catheter 400 does not

experience non-uniform rotation distortion.

Suitable phased array imaging catheters, which may be used to assess vascular access

sites and characterize biological tissue located therein, include Volcano Corporation's Eagle

Eye® Platinum Catheter, Eagle Eye® Platinum Short-Tip Catheter, and Eagle Eye® Gold

Catheter.

FIG. 14 is a generalized depiction of a rotational imaging catheter 500 incorporating a

proximal shaft and a distal shaft of the invention. Rotational imaging catheter 500 is typically

around 150 cm in total length and can be used to image a variety of vasculature, such as coronary

or carotid arteries and veins. When the rotational imaging catheter 500 is used, it is inserted into

an artery along a guidewire (such as a pressure/flow guidewire) to the desired location.

Typically a portion of catheter, including a distal tip 510, comprises a lumen (not shown) that

mates with the guidewire, allowing the catheter to be deployed by pushing it along the guidewire

to its destination.

An imaging assembly 520 proximal to the distal tip 510, includes transducers that image

the tissue with ultrasound energy (e.g., 5-80 MHz range) and image collectors that collect the

returned energy (echo) to create an intravascular image. The imaging assembly 520 is

configured to rotate and travel longitudinally within distal shaft 530 allowing the imaging

assembly 520 to obtain 360° images of vasculature over the distance of travel. The imaging



assembly is rotated and manipulated longitudinally by a drive cable (not shown). In some

embodiments of rotational imaging catheter 500, the distal shaft 530 can be over 15 cm long, and

the imaging assembly 520 can rotate and travel most of this distance, providing thousands of

images along the travel. Because of this extended length of travel, the speed of the acoustic

waves through distal shaft 530 should ideally be properly matched, and that the interior surface

of distal shaft 530 has a low coefficient of friction. In order to make locating the distal shaft 530

easier using angioscopy, distal shaft 530 optionally has radiopaque markers 537 spaced apart at 1

cm intervals.

Rotational imaging catheter 500 additionally includes proximal shaft 540 connecting the

distal shaft 530 containing the imaging assembly 520 to the ex-corporal portions of the catheter.

Proximal shaft 540 may be 100 cm long or longer. The proximal shaft 540 combines

longitudinal stiffness with axial flexibility, thereby allowing a user to easily feed the catheter 500

along a guidewire and around tortuous curves and branching within the vasculature. The interior

surface of the proximal shaft also has a low coefficient of friction, to reduce NURD, as discussed

in greater detail above. The ex-corporal portion of the proximal shaft 540 may include shaft

markers that indicate the maximum insertion lengths for the brachial or femoral arteries. The ex-

corporal portion of catheter 500 also include a transition shaft 550 coupled to a coupling 560 that

defines the external telescope section 565. The external telescope section 565 corresponds to the

pullback travel, which is on the order of 150 mm. The end of the telescope section is defined by

the connector 570 which allows the catheter 500 to be interfaced to an interface module which

includes electrical connections to supply the power to the transducer and to receive images from

the image collector. The connector 570 also includes mechanical connections to rotate the

imaging assembly 520. When used clinically, pullback of the imaging assembly is also

automated with a calibrated pullback device (not shown) which operates between coupling 2560

and connector 570.

The imaging assembly 520 produces ultrasound energy and receives echoes from which

real time ultrasound images of a thin section of the blood vessel are produced. The transducers

in the assembly may be constructed from piezoelectric components that produce sound energy at

5-80 MHz. An image collector may comprise separate piezoelectric elements that receive the

ultrasound energy that is reflected from the vasculature. Alternative embodiments of the

imaging assembly 520 may use the same piezoelectric components to produce and receive the



ultrasonic energy, for example, by using pulsed ultrasound. Another alternative embodiment

may incorporate ultrasound absorbing materials and ultrasound lenses to increase signal to noise.

Suitable rotational IVUS catheters, which may be used to assess vascular access sites and

characterize biological tissue located therein, include Volcano Corporation's Revolution® 45

MHz Catheter.

Further, IVUS technology, for phased-array and rotational catheters, is described in more

detail in, for example, Yock, U.S. Pat. Nos. 4,794,931, 5,000,185, and 5,313,949; Sieben et al.,

U.S. Pat. Nos. 5,243,988, and 5,353,798; Crowley et al., U.S. Pat. No. 4,951,677; Pomeranz,

U.S. Pat. No. 5,095,911, Griffith et al., U.S. Pat. No. 4,841,977, Maroney et al., U.S. Pat. No.

5,373,849, Born et al., U.S. Pat. No. 5,176,141, Lancee et al., U.S. Pat. No. 5,240,003, Lancee et

al., U.S. Pat. No. 5,375,602, Gardineer et at., U.S. Pat. No. 5,373,845, Seward et al., Mayo Clinic

Proceedings 71(7):629-635 (1996), Packer et al., Cardiostim Conference 833 (1994),

"Ultrasound Cardioscopy," Eur. J.C.P.E. 4(2): 193 (June 1994), Eberle et al., U.S. Pat. No.

5,453,575, Eberle et al., U.S. Pat. No. 5,368,037, Eberle et at., U.S. Pat. No. 5,183,048, Eberle et

al., U.S. Pat. No. 5,167,233, Eberle et at., U.S. Pat. No. 4,917,097, Eberle et at., U.S. Pat. No.

5,135,486, U.S. Pub. 2009/0284332; U.S. Pub. 2009/0195514 Al; U.S. Pub. 2007/0232933; and

U.S. Pub. 2005/0249391 and other references well known in the art relating to intraluminal

ultrasound devices and modalities.

In addition to IVUS, other intraluminal imaging technologies may be suitable for use in

methods of the invention for assessing and characterizing vascular access sites in order to

diagnose a condition and determine appropriate treatment. For example, an Optical Coherence

Tomography catheter may be used to obtain intraluminal images in accordance with the

invention.

OCT is a medical imaging methodology using a miniaturized near infrared light-emitting

probe. As an optical signal acquisition and processing method, it captures micrometer-resolution,

three-dimensional images from within optical scattering media (e.g., biological tissue). Recently

it has also begun to be used in interventional cardiology to help diagnose coronary artery disease.

OCT allows the application of interferometric technology to see from inside, for example, blood

vessels, visualizing the endothelium (inner wall) of blood vessels in living individuals.

OCT systems and methods are generally described in Castella et al., U.S. Patent No.

8,108,030, Milner et al., U.S. Patent Application Publication No. 2011/0152771, Condit et al.,



U.S. Patent Application Publication No. 2010/0220334, Castella et al., U.S. Patent Application

Publication No. 2009/0043191, Milner et al., U.S. Patent Application Publication No.

2008/0291463, and Kemp, N., U.S. Patent Application Publication No. 2008/0180683, the

content of each of which is incorporated by reference in its entirety.

In OCT, a light source delivers a beam of light to an imaging device to image target

tissue. Light sources can include pulsating light sources or lasers, continuous wave light sources

or lasers, tunable lasers, broadband light source, or multiple tunable laser. Within the light source

is an optical amplifier and a tunable filter that allows a user to select a wavelength of light to be

amplified. Wavelengths commonly used in medical applications include near-infrared light, for

example between about 800 nm and about 1700 nm.

Aspects of the invention may obtain imaging data from an OCT system, including OCT

systems that operate in either the time domain or frequency (high definition) domain. Basic

differences between time-domain OCT and frequency-domain OCT is that in time-domain OCT,

the scanning mechanism is a movable mirror, which is scanned as a function of time during the

image acquisition. However, in the frequency-domain OCT, there are no moving parts and the

image is scanned as a function of frequency or wavelength.

In time-domain OCT systems an interference spectrum is obtained by moving the

scanning mechanism, such as a reference mirror, longitudinally to change the reference path and

match multiple optical paths due to reflections within the sample. The signal giving the

reflectivity is sampled over time, and light traveling at a specific distance creates interference in

the detector. Moving the scanning mechanism laterally (or rotationally) across the sample

produces two-dimensional and three-dimensional images.

In frequency domain OCT, a light source capable of emitting a range of optical

frequencies excites an interferometer, the interferometer combines the light returned from a

sample with a reference beam of light from the same source, and the intensity of the combined

light is recorded as a function of optical frequency to form an interference spectrum. A Fourier

transform of the interference spectrum provides the reflectance distribution along the depth

within the sample.

Several methods of frequency domain OCT are described in the literature. In spectral-

domain OCT (SD-OCT), also sometimes called "Spectral Radar" (Optics letters, Vol. 21, No. 14

(1996) 1087-1089), a grating or prism is used to disperse the output of the interferometer into its



optical frequency components. The intensities of these separated components are measured using

an array of optical detectors, each detector receiving an optical frequency or a fractional range of

optical frequencies. The set of measurements from these optical detectors forms an interference

spectrum (Smith, L. M. and C. C. Dobson, Applied Optics 28: 3339-3342), wherein the distance

to a scatterer is determined by the wavelength dependent fringe spacing within the power

spectrum. SD-OCT has enabled the determination of distance and scattering intensity of multiple

scatters lying along the illumination axis by analyzing a single the exposure of an array of optical

detectors so that no scanning in depth is necessary. Typically the light source emits a broad range

of optical frequencies simultaneously. Alternatively, in swept-source OCT, the interference

spectrum is recorded by using a source with adjustable optical frequency, with the optical

frequency of the source swept through a range of optical frequencies, and recording the

interfered light intensity as a function of time during the sweep. An example of swept-source

OCT is described in U.S. Pat. No. 5,321,501. Generally, time domain systems and frequency

domain systems can further vary in type based upon the optical layout of the systems: common

beam path systems and differential beam path systems. A common beam path system sends all

produced light through a single optical fiber to generate a reference signal and a sample signal

whereas a differential beam path system splits the produced light such that a portion of the light

is directed to the sample and the other portion is directed to a reference surface. Common beam

path systems are described in U.S. Pat. 7,999,938; U.S. Pat. 7,995,210; and U.S. Pat. 7,787,127

and differential beam path systems are described in U.S. Pat. 7,783,337; U.S. Pat. 6,134,003; and

U.S. Pat. 6,421,164, the contents of each of which are incorporated by reference herein in its

entirety.

In advanced embodiments, the systems of the invention incorporate focused acoustic

computed tomography (FACT), which is described in WO2014/109879, incorporated herein by

reference in its entirety.

In yet another embodiment, the imaging catheter for use in methods of the invention is an

optical-acoustic imaging apparatus. Optical-acoustic imaging apparatus include at least one

imaging element to send and receive imaging signals. In one embodiment, the imaging element

includes at least one acoustic-to-optical transducer. In certain embodiments, the acoustic-to-

optical transducer is a Fiber Bragg Grating within an optical fiber. In addition, the imaging

elements may include the optical fiber with one or more Fiber Bragg Gratings (acoustic-to-



optical transducer) and one or more other transducers. The at least one other transducer may be

used to generate the acoustic energy for imaging. Acoustic generating transducers can be

electric-to-acoustic transducers or optical-to-acoustic transducers.

Fiber Bragg Gratings for imaging provides mechanism for measuring the interference

between two paths taken by an optical beam. A partially-reflecting Fiber Bragg Grating is used

to split the incident beam of light into two parts, in which one part of the beam travels along a

path that is kept constant (constant path) and another part travels a path for detecting a change

(change path). The paths are then combined to detect any interferences in the beam. If the paths

are identical, then the two paths combine to form the original beam. If the paths are different,

then the two parts will add or subtract from each other and form an interference. The Fiber

Bragg Grating elements are thus able to sense a change wavelength between the constant path

and the change path based on received ultrasound or acoustic energy. The detected optical signal

interferences can be used to generate an image using any conventional means.

Exemplary optical-acoustic imaging assemblies are disclosed in more detail in U.S.

Patent Nos. 6,659,957 and 7,527,594, 7,245.789, 7447,388, 7,660,492, 8,059,923 and in U.S.

Patent Publication Nos. 2008/0119739, 2010/0087732 and 2012/0108943.

In certain embodiments, angiogram image data is obtained simultaneously with the

intraluminal image data obtained from the imaging catheters. In such embodiments, the imaging

catheter may include one or more radiopaque labels that allow for co-locating image data with

certain positions on a vasculature map generated by an angiogram. Co-locating intraluminal

image data and angiogram image data is known in the art, and described in U.S. Publication Nos.

2012/0230565, 2011/0319752, and 2013/0030295.

An Alternative Embodiment Of The Catheter Assembly

An alternative embodiment of the present invention provides a pair of catheters which are

used in tandem for generating an AV fistula on-demand between a closely associated artery and

vein at a chosen vascular site in-vivo. Each of the individual catheters constituting the pair are

structurally similar except for a few detailed features.

For purposes of description and detail, a single catheter of the pair will suffice.

Accordingly, all which pertains to the description of one catheter applies completely to the

construction, structure, and features of the other catheter constituting the pair. Each catheter



comprises one hollow tubular wall having a fixed axial length, a discrete proximal end of

conventional manufacture and design, a unique discrete distal end, and provides two internal

lumens (of unequal diameter and predetermined size) which extend coaxially and substantially in

parallel over the axial length of the tubular wall. Since the structural features of distinction exist

primarily at the distal end of each catheter, this detailed disclosure will focus and emphasize

these unique structures and features.

The distal end of the dual lumen catheter intended to be used in pairs for generating an

AV fistula are illustrated by FIGS. 15, 16, and 17 respectively. FIG. 15 provides an overhead

view of the catheter at the distal end, in comparison, FIG. 16 provides an axial-section view of

the catheter distal end while FIG. 17 provides a cross-sectional view of the catheter taken along

the axis Y Y'.

As shown by FIGS. 15-17, each of the catheters 300 comprises a tubular wall 302 which

terminates at the distal end 304 as an end tip 306 adapted for passage of a guide wire and for

intravascular guidance via portals 305 and 309 and non-axisymmetric lumen 307 through a blood

vessel in-vivo to a chosen vascular site. Within the tubular wall 302 are two internal lumens

308, 310. The first internal lumen 308 extends from the proximal end of the catheter (not

shown) and terminates at the distal end 304 as a portal 312. The diameter of this first internal

lumen 308 is relatively large, and this first internal lumen is intended to carry a variety of fluids

such as liquid contrast medium for radiological purposes and pressurized gases as C02 for

displacing blood at the chosen anatomic site. The second internal lumen 310 extends from the

proximal end of the catheter (not shown) as a relatively small bore tube and terminates at the

distal end tip 306 where a fixed electrode 320 is imbedded. The second internal lumen 310 thus

serves as the conduit for an electrical lead 322 which is carried from the proximal end of the

catheter through the catheter mass via the second internal lumen 310 and ends at the distal end

tip 306 at the embedded electrode 320.

Note that the fixed electrode 320 is joined to the electrical lead 322 which is in electrical

communication with a source of electrical energy (not shown) capable of producing a static

electrical charge on command. The electrode 320 is typically formed of solid, electrically

conductive metal. The electrode 320 comprises at least two component parts: an electrical

supporting unit 324 which is embedded in the material of the catheter wall and firmly fixed in

position within the catheter mass, and an extending discharge spike 326 which extends from the



support unit 324 through the thickness of the catheter wall material and terminates in the ambient

environment. As an electrical system, a static discharge from the electrical source is introduced

through the catheter via the electrical lead 322 and conveyed to the electrode 320 on demand.

The electrical current is conveyed to the supporting unit 324 and the charge is then discharged

through the spike 326 from the interior of the catheter into the external ambient environment as a

static electrical spark of predetermined magnitude.

Positioned adjacent to the electrode 320 and set in fixed alignment at the distal end tip

306 is a rare earth magnet 330 (or, alternatively, other magnet members). This rare earth magnet

is configured desirably as a rectangular block of magnetic metal formed of neodymium-iron-

boron alloy and/or cobalt-samarium alloy. Note also that the orientation of the magnetic

attraction in terms of the "north" and "south" polarity is known and identifiable. The rare earth

magnet thus serves as magnet members positioned at the distal end and set in axial alignment at

the distal tip of the catheter. In addition, an optional second rare earth magnet 332 may be set in

fixed alignment to flank the electrode 320. The optional second rare earth magnet 332 is

desirably identical in configuration and composition to the magnet 330, and provide added

magnetic force for alignment. These magnet members have sufficient attractive force to cause

an adjustment in position for the catheter in-vivo when placed in proximity with another source

of magnetic attraction disposed within a closely associated (and preferably adjacently positioned)

blood vessel.

In comparison it will be recognized that the electrical lead 322, the electrode 320, the

supporting unit 324 and the discharge spike 326 collectively constitute the vascular wall

perforation member for this embodiment. Note that the entire electrical current carrying and

spike discharge assembly constituting the vascular wall perforation member are positioned

adjacent to at least one rare earth magnet (the magnet members) of the catheter and are set in

axial alignment with the distal end tip of the catheter. Thus, when there is a magnetic interaction

involving the rare earth magnet 330 (and optionally the rare earth magnet 332), this static

electrical system will become intravascularly adjusted in position in-vivo, and the static

discharge will serve as the method for perforating the vascular walls at will whenever sufficient

potential is applied to the two electrodes to generate an AV fistula.

The intended manner of usage under in-vivo conditions is illustrated by FIG. 18. For

purposes of clarity the first catheter 300a is presumed to be in a peripheral vein whereas the



second catheter of the pair 300b is envisioned as being within a peripheral artery. The vascular

walls have been deleted from the figure to demonstrate the working relationship between the two

catheters in tandem and the mechanism by which an AV fistula is generated using this catheter

assembly.

As shown by FIG. 18, the only difference between the first catheter 300a and the second

catheter 300b is the polarity and polar orientation of the rare earth magnets 330a, 330b (and

optionally rare earth magnets 332a, 332b). Recalling also that each catheter has been placed

within the confines of an individual blood vessel constituting a closely associated peripheral

artery and vein, it is clear that the opposite polarity in each rare earth magnet will attract the

catheters towards each other. Thus, a transvascular magnetic attraction occurs which not only

moves each of the catheters 300a, 300b individually within its own blood vessel in a manner

which brings the pair closely together, but also the strength of the magnetic attraction is

sufficiently great in power (Gauss) that the rare earth magnets are drawn and aligned to each

other in parallel positions as shown within FIG. 18. The consequence of this transvascular

magnetic attraction and alignment in parallel between individual catheters disposed in separate

blood vessels independently causes the electrodes 320a, 320b and the discharge spikes 326a,

326b to become closely placed and aligned in parallel. It is also desirable in practice to ascertain

that adequate alignment by magnetic attraction has occurred and that a suitably small distance

occurs between the individual discharge spikes by measuring the electrical resistance between

the electrical contacts 320a, 320b. Fluoroscopy confirms appropriate catheter position,

alignment, and polar (rotational) orientation.

After the determination of adequate alignment is made, the source of static electrical

discharge is engaged, and the electrical charge is conveyed to the electrode discharge spikes. A

static electrical charge is accumulated, discharged and passed from one of the spikes 326a to the

other aligned spike 326b, thereby completing the electrical circuit. In so completing this

electrical circuit, the electrical spark vaporizes portions of the vascular wall for both the vein and

the artery at the same moment. The arcing spark vaporizes vascular tissue and creates a

perforation in common between the blood vessels. Blood in the artery rushes through the

perforation in the arterial wall into the aligned hole of the perforation in the vascular wall of the

adjacently positioned vein. In this manner, the AV fistula is generated safely, reliably, and on-

demand.



It will be noted and appreciated that this alternative embodiment of the catheter assembly

can also employ other vascular wall perforation member than a static electrical discharge to

perforate the vascular wall. An immediate and easily available substitution and replacement for

the entire electrical lead, electrode, and discharge spike—the perforation member—is the use of

a fiber optic cable and a source of laser (light) energy. The fiber optic cable (comprised of

multiple fiber optic strands) is conveyed through the internal lumen and passes through the

tubular wall material of the catheter at the distal end tip to terminate as a fiber optic end surface

exposed to the ambient environment. The fiber optic cable would then transmit and convey laser

(light) energy from the energy source on-demand as the mechanism by which the vascular wall

of the closely associated blood vessels is perforated. Also, the catheter lying in the adjacent

blood vessel would serve to diffuse the applied laser energy and prevent injury to the opposite

vascular wall.

An Illustrative Method for Creating an AV Fistula In-Vivo Using the Preferred Embodiment

To demonstrate the methodology employing a catheter assembly to generate an AV

fistula between a peripheral artery and an adjacent vein, it is desirable to focus upon and utilize a

specific anatomical area in the extremities of a living patient as an illustrative example. For this

illustrative purpose alone, the description presented hereinafter will emphasize and be limited to

the creation of an AV fistula between the radial or ulnar arteries and a closely associated and

adjacently positioned vein in the distal forearm. It will be expressly understood and recognized,

however, that this illustrative description is merely representative of such procedures generally,

and is but one example of the many different and diverse instances of use which can be

reproduced in many other anatomical areas of the body at will and on-demand. Under no

circumstances, therefore, is the present invention and methodology to be or restricted to the

particular anatomic sites described or limited to the particular embodiment of the catheter

assembly employed.

The illustrative example presented below employs the preferred embodiment of the

catheter assembly described in detail previously herein. Clearly, although this preferred

embodiment is deemed to be an advantageous construction and the best mode structure

developed to date, all other alternative embodiments of the catheter assembly—regardless if used

singly or in pairs—are also deemed to be suitable and appropriate for use in a manner similar to



that described below. In addition, given the wide range and diversity of structural components,

design features and format variations in catheter construction which have already been disclosed

herein and are within the scope and breadth of the present invention, it will be understood that

certain minor changes in the procedural details and modes of use may be necessary which differ

from the preferred methodology.

Initially, and most importantly, it will be recognized and appreciated that the

methodology is intended to be performed in the angiography suite of a hospital by thoroughly

trained and experienced invasive radiologists. The reader is presumed to be familiar with the

common procedures performed by invasive radiologists today, and no attempt will be made

herein to familiarize or acquaint the reader with the conventional techniques of ultrasound

imaging, fluoroscopy and fluoroscopic imaging, and other radiological techniques for contrast

imaging. The reader is also presumed to be familiar with general procedures of catheterization

and especially with the modified Seldinger technique reviewed in detail previously herein.

Finally, to aid the reader in becoming acquainted with the essence of the methodology and in

order to appreciate its importance and major advantages, FIGS. 19-28 are included, and direct

reference and comparison of these figures will aid in ease of understanding and full

comprehension of the methodological details.

The first step in the methodology involves obtaining percutaneous arterial access to a

suitable peripheral artery (such as the radial or ulnar arteries) in the forearm through the brachial

artery or, less desirably, the common femoral artery. An introducer sheath is placed into the

brachial artery using conventional techniques described extensively in the medical literature.

The sheath is placed at mid-bicep and directed distally towards the hand. At this point, the

arterial catheter 200 may be introduced, wherein the catheter 200 may include the intraluminal

imaging device previously described herein in reference to FIGS. 13 and 14. In particular, an

IVUS probe assembly 420, 520 may be introduced by way of the arterial catheter 200 into the

forearm arterial blood vessels. This is shown by FIG. 19 which shows the IVUS probe assembly

being passed antegrade into the radial artery.

As previously described, the IVUS probe assembly is configure to provide

circumferential ultrasonic visualization of structures in the immediate vicinity of the artery in

which it is positioned as is illustrated by FIG. 20. As shown, FIG. 20 demonstrates a visual

rendering of the interior of the artery based on image data acquired by the IVUS probe assembly.



As shown, two large veins ("V") immediately adjacent to the radial artery ("A") at the position

shown by FIG. 19. Veins in the forearm that lie in close proximity to the radial artery are readily

identified. The echolucent blood in the veins stands out in sharp contrast to the relatively

echogenic fibrous and fatty tissues and muscle which surrounds the veins themselves.

Desirably, the IVUS probe assembly is passed through both the radial and ulnar arteries

independently and in succession in order to note the location and position of those large diameter

veins lying immediately adjacent to the artery. Commonly, several anatomical zones are present

in the forearm of most patients where large diameter veins pass within one or two millimeters of

these major peripheral arteries. From among these anatomical zones, one of these is selected for

the generation of the AV fistula. Ideally, the chosen anatomical area should be fairly distal or

peripheral in the forearm, as this will result in a greater number of veins being exposed to high

volume flow and thus a greater number of potential access sites for percutaneous venipuncture.

Because veins have uni-directional valves in them, veins distal to the AV fistula will not

generally dilate.

This result is illustrated by FIG. 2 1 where the anatomic area is selected in the distal radial

artery in the location where a sizable diameter vein lies immediately adjacent to the arterial wall.

The chosen anatomic site is shown by the intravascular ultrasound image of FIG. 22 which

reveals an adjacently positioned vein on one side of the radial artery lumen.

The second step is to obtain venous access for the venous catheter 10 which takes form

initially as the cylinder-obturator composite described previously herein. Percutaneous venous

access is desirably obtained at the wrist. Fluoroscopic contrast venography may be performed to

define forearm venous anatomy. Under fluoroscopic guidance, a radiological guide wire is

advanced through the percutaneous venous access to the chosen vein at the anatomic zone

selected for generating the AV fistula in the forearm. The techniques required for this maneuver

are conventional and fundamental to the practice of invasive radiology. This procedure is

illustrated by FIGS. 23 and 24 respectively. Fluoroscopy shows the guidewire to be in close

proximity to the IVUS probe assembly. In addition, as shown by FIG. 24, the extremely

echogenic guidewire is easily visualized and imaged within the chosen vein lumen by IVUS

imaging. In this manner, the proper placement of the venous catheter in the chosen vein is

inserted. Additionally, or alternatively, the venous catheter 10 may include an intraluminal

imaging device, as previously described herein. As such, placement of the venous catheter 10



may be achieved based on image data of the vein as captured by the intraluminal imaging device

of the catheter 10, in a similar manner as that of the arterial catheter 200.

As shown by FIG. 23, the preferred venous cylinder-obturator composite 10 is introduced

at the wrist and passed antegrade into the chosen vein over the previously placed guidewire.

Fluoroscopy and intravenous contrast medium assist extension and guidance of the venous

catheter through the vein, and a correct position is identified and placement confirmed for the

venous catheter at the chosen site in the vein. Once again, IVUS readily demonstrates the

venous catheter within the lumen of a chosen vein.

It will be recalled that the venous catheter (the introducer cylinder-obturator composite

format) measures 6-9 French (approximately 2-3 mm) in diameter, and typically will be about 40

centimeters in length. At the proximal end, the radiologist uses a handle to manipulate the

venous catheter during placement. The venous catheter desirably employs the removable solid

obturator during this phase in order to facilitate advancement of the venous catheter complex,

preferably as described previously, the obturator has about a 0.2-0.5 mm internal lumen which

extends coaxially down its central axis and allows the venous catheter complex to be passed

coaxially over the guidewire into the proper position after the guidewire placement has been

verified as correct.

Once good positioning and placement is verified and confirmed for the venous catheter

(the introducer cylinder-obturator composite format), the process of generating a fistula can

begin. It should be noted that the IVUS probe assembly (of either the arterial or venous catheters

200, 10) need not be removed during the fistula generation.

As shown by FIG. 25, both the venous and arterial catheters 10, 200 may be advanced to

the chosen anatomical site as determined by the respective IVUS probe assembly. Moreover, as

illustrated by FIG. 26, fluoroscopy reveals when good and proper alignment exists between the

positionings of the arterial catheter 200 in relation to the venous catheter 10 in the closely

associated vein. Thus, under the fluoroscopic guidance, the venous and arterial catheters 10, 200

can be positioned in relation to one another at the chosen anatomical site. It should be noted that,

additionally, or alternatively, positioning of the venous and arterial catheters 10, 200 in relation

to one another at the anatomical site may be achieved based on the intraluminal image data

acquired by the IVUS probe assemblies. Furthermore, in certain embodiments, fluoroscopy may

be used simultaneously with the intraluminal image data obtained from the IVUS probe



assembly for co-locating image data with certain positions on a vasculature map generated by

fluoroscopy.

After ascertaining that close proximity of the arterial catheter to the venous catheter

exists, the relative positions are carefully adjusted under fluoroscopy such that the radiopaque

markers on each of the catheters are carefully in alignment. In addition, radial radiopaque

markers on the introducer cylinder allow rotational position to be adjusted fluoroscopically to

insure correct orientation of the distal fenestration. Thus, when correctly aligned, the two

catheters (each within its individual blood vessel) will overlap for an estimated distance of about

35 mm. If the overlapping distance does not appear to be adequate or if the radiologist is unsure

that the two catheter tips are properly aligned, each of the catheters may be adjusted in position

as long as needed in order to verify and confirm a proper alignment.

When a correct and proper alignment has been made between the arterial and venous

catheters in-vivo, the obturator component is removed from the venous introducer cylinder and

replaced with the tubular cutting tool previously described. The tubular cutting tool is a semi

rigid rod with the same dimensions as the obturator and comprises the pair of rare earth magnets

having the proper size and orientation to attract the rare earth magnets within the arterial catheter

distal end. The magnetic attractive force will cause a transvascular attraction between the two

opposing pairs of rare earth magnets, and the magnetic attractive force is of sufficient magnitude

such that the arterial catheter and the venous catheter will adjust in position individually as a

result and consequence of the magnetic interaction. This event and effect is illustrated by FIG.

27 in which the arterial catheter lying within the radial artery moves into proper alignment and

precise positioning as a result of the magnetic interaction with the magnet members of the

venous catheter lying within the adjacent vein. After this transvascular magnetic attraction and

adjustment in position between the two catheters has occurred, the vascular wall perforation

member at the distal end of the venous catheter may be activated at will and on-demand to

generate the AV fistula at that precise location.

The preferred embodiment of the venous catheter 10 employed utilizes a radiofrequency

electrode which slides in a controlled track upon a elevating template and which becomes

exposed through a fenestration as a result of traveling over the template track. The sliding

electrode is actuated by way of a sliding wire running the length of the tubular cutting tool, and

the actuation wire is engaged preferably by a screw mechanism in the handle at the proximal end



held by the radiologist. Once actuated, the electrode is moved along the curvilinear track on the

elevating template resulting in the protrusion of the electrode through the fenestration into the

exterior of the venous catheter. Simultaneously, radiofrequency current is delivered to the

sliding electrode by way of the conductive actuation wire, and the grounding electrode in the

arterial catheter completes the electrical circuit for vascular perforation to proceed. The degree

of electrode protrusion from the venous catheter is such that the sliding electrode impinges on

the material of the grounding electrode of the arterial catheter which is in aligned parallel

position directly adjacent to the venous catheter. This circumstance is illustrated by FIG. 28.

In this manner, the protruding sliding electrode of the venous catheter can be moved up to

8 mm axially depending on the desired length of the incision, and the grounding electrode of the

arterial catheter completes the radiofrequency electrical circuit (as shown by FIG. 28). By

completing the radiofrequency electrical circuit at the chosen anatomic site and delivering the

appropriate current to the completed circuit, a direct and effective perforation of the venous

vascular wall and the arterial vascular wall concurrently can be achieved on-demand.

Simultaneous with the delivery of radiofrequency electrical energy to the completed

circuit, a bolus of compressed carbon dioxide gas is introduced into the lumens of both the artery

and the immediately adjacent vein. The C02 gas transiently displaces the blood at the chosen

anatomic site during the process of perforating both vascular walls. Since blood is an electrically

conductive medium, the C02 gas displacement increases the current density at the point of

contact between the radiofrequency electrode and the vascular wall and facilitates the perforation

of both vascular walls concurrently, while minimizing the quantity of tissue destruction that

results. Carbon dioxide is extremely soluble and therefore does not result in gas embolism. It

has been previously shown (experimentally and clinically) that large volumes of compressed

C02 gas can be introduced intravenously and intraarterially without incurring harmful effects in-

vivo.

After the vascular wall perforation process has been satisfactorily completed and the AV

fistula created at the chosen anatomic site, the radiofrequency current is disrupted, and the

sliding electrode is disengaged and withdrawn into the protective interior of the venous catheter.

The venous cutting tool is then withdrawn 2-5 mm proximally relative to the venous cylinder

component while holding the arterial catheter steady in its prior position within the artery. This

act of withdrawing the venous cutting tool from the cylinder causes the transvascular magnetic



attraction to be broken while the arterial catheter is maintained unchanged in its prior aligned

position at the perforation site. Radiopaque contrast medium can then be injected into the artery

via the internal lumen of the arterial catheter, and the AV fistula assessed fluoroscopically.

Evidence of extravasation at the fistula site can therefore be ruled out as well.

The result of this methodology and procedure is the generation of an AV fistula on-

demand between closely associated arteries and veins at a carefully chosen and verified vascular

anatomical site in-vivo. The radiologist can halt the sequence of steps at any time prior to

activating the vascular wall perforation member (the radiofrequency electrode circuitry in this

preferred embodiment) without risk or hazard to the patient or the peripheral blood circulation in

any substantial manner. Moreover, the methodology allows the radiologist to repeatedly assess,

verify, and confirm his choices of anatomical site location, note the alignment and positioning of

the arterial catheter as well as the alignment orientation and positioning of the venous catheter,

and achieve the proper result and consequence of transvascular magnetic attraction which results

in changes in position for one or both of the catheters in-vivo—all which occur prior generating

an aperture between the artery and the adjacently positioned vein.

Other embodiments are within the scope and spirit of the invention. For example, due to

the nature of software, functions described above can be implemented using software, hardware,

firmware, hardwiring, or combinations of any of these. Features implementing functions can also

be physically located at various positions, including being distributed such that portions of

functions are implemented at different physical locations.

Steps of the invention may be performed using dedicated medical imaging hardware,

general purpose computers, or both. As one skilled in the art would recognize as necessary or

best-suited for performance of the methods of the invention, computer systems or machines of

the invention include one or more processors (e.g., a central processing unit (CPU) a graphics

processing unit (GPU) or both), a main memory and a static memory, which communicate with

each other via a bus. A computer device generally includes memory coupled to a processor and

operable via an input/output device.

Exemplary input/output devices include a video display unit (e.g., a liquid crystal display

(LCD) or a cathode ray tube (CRT)). Computer systems or machines according to the invention

can also include an alphanumeric input device (e.g., a keyboard), a cursor control device (e.g., a

mouse), a disk drive unit, a signal generation device (e.g., a speaker), a touchscreen, an



accelerometer, a microphone, a cellular radio frequency antenna, and a network interface device,

which can be, for example, a network interface card (NIC), Wi-Fi card, or cellular modem.

Memory according to the invention can include a machine-readable medium on which is

stored one or more sets of instructions (e.g., software), data, or both embodying any one or more

of the methodologies or functions described herein. The software may also reside, completely or

at least partially, within the main memory and/or within the processor during execution thereof

by the computer system, the main memory and the processor also constituting machine-readable

media. The software may further be transmitted or received over a network via the network

interface device.

While the machine-readable medium can in an exemplary embodiment be a single

medium, the term "machine-readable medium" should be taken to include a single medium or

multiple media (e.g., a centralized or distributed database, and/or associated caches and servers)

that store the one or more sets of instructions. The term "machine-readable medium" shall also

be taken to include any medium that is capable of storing, encoding or carrying a set of

instructions for execution by the machine and that cause the machine to perform any of the

methodologies of the present invention. The term "machine-readable medium" shall accordingly

be taken to include, but not be limited to, solid-state memories (e.g., subscriber identity module

(SIM) card, secure digital card (SD card), micro SD card, or solid-state drive (SSD)), optical and

magnetic media, and any other tangible storage media. Preferably, computer memory is a

tangible, non-transitory medium, such as any of the foregoing, and may be operably coupled to a

processor by a bus. Methods of the invention include writing data to memory—i.e., physically

transforming arrangements of particles in computer memory so that the transformed tangible

medium represents the tangible physical objects—e.g., the arterial plaque in a patient's vessel.

As used herein, the word "or" means "and or or", sometimes seen or referred to as

"and/or", unless indicated otherwise.

Incorporation by Reference

References and citations to other documents, such as patents, patent applications, patent

publications, journals, books, papers, web contents, have been made throughout this disclosure.

All such documents are hereby incorporated herein by reference in their entirety for all purposes.



Equivalents

Various modifications of the invention and many further embodiments thereof, in

addition to those shown and described herein, will become apparent to those skilled in the art

from the full contents of this document, including references to the scientific and patent literature

cited herein. The subject matter herein contains important information, exemplification and

guidance that can be adapted to the practice of this invention in its various embodiments and

equivalents thereof.



CLAIMS

What is claimed is:

1. A catheter assembly for creating a vascular access site between two vessels in-vivo, said

assembly comprising:

a first catheter configured to be inserted into a first vessel;

a second catheter configured to be inserted into a second vessel;

a sensor operatively coupled to at least one of said first and second catheters and

configured to acquire intraluminal data of at least one of said vessels; and

a perforation member operatively coupled at least one of said first and second catheters

and configured to perforate said first and second vessels at an anatomical site identified based, at

least in part, on said acquired intraluminal data to create a vascular access site between the first

and second vessels.

2 . The catheter assembly of claim 1, wherein said sensor is selected from the group consisting of

an intravascular ultrasound probe, an optical coherence tomography probe, a spectroscopy probe,

a near-infrared Raman spectroscopy probe, a fractional flow reserve probe, and combinations

thereof.

3 . The catheter assembly of claim 2, further comprising a processor configured to:

receive and process said intraluminal data; and

provide output representing a cross-section of said vessel based on said processed

intraluminal data.

4 . The catheter assembly of claim 3, wherein said output is an IVUS image representing at least

said internal structure of said vessel.

5 . The catheter assembly of claim 1, wherein said first and second catheters further comprise

magnetic members positioned thereon, wherein said magnetic members have sufficient magnetic

force to cause adjustment in the position of first and second catheters when in proximity to one

another.



6 . The catheter assembly of claim 5, wherein magnetic attraction between said magnetic

members of said first and second catheters is configured to draw said first and second vessels

closer to each other.

7 . The catheter assembly of claim 1, wherein said magnetic members comprise rare earth

magnets.

8. The catheter assembly of claim 1, wherein said perforation member is configured to translate

axially along a length of said associated catheter to perforate the first and second vessels along a

length of the anatomic site.

9 . The catheter assembly of claim 1, further comprising a controller operatively coupled to said

perforation member and configured to cause movement of said perforation member on-demand

once said first and second catheters are aligned and said perforation member is positioned at said

anatomic site.

10. The catheter assembly of claim 1, wherein said first and second vessels are selected from an

artery and vein.

11. A method for creating a vascular access site between two vessels in-vivo, said method

comprising:

providing a catheter assembly comprising:

a first catheter configured to be inserted into a first vessel;

a second catheter configured to be inserted into a second vessel;

a sensor operatively coupled to at least one of said first and second catheters and

configured to acquire intraluminal data of at least one of said vessels; and

a perforation member operatively coupled at least one of said first and second

catheters and configured to perforate said first and second vessels at an anatomical site

identified based, at least in part, on said acquired intraluminal data to create a vascular

access site between the first and second vessels.



positioning said first and second catheters within said first and second vessels,

respectively;

acquiring intraluminal data of at least one of said first and second vessels with said

sensor;

determining an anatomic site within one of said first and second vessels based on said

intraluminal data; and

activating said perforation member, causing said perforation member to perforate said

first and second vessels at said anatomic site and creating a vascular access site between the first

and second vessels.

12. The method of claim 11, wherein said sensor is selected from the group consisting of an

intravascular ultrasound probe, an optical coherence tomography probe, a spectroscopy probe, a

near-infrared Raman spectroscopy probe, a fractional flow reserve probe, and combinations

thereof.

13. The method of claim 12, further comprising:

receiving and processing said intraluminal data; and

providing output representing a cross-section of said vessel based on said processed

intraluminal data.

14. The method of claim 13, wherein said output is an IVUS image representing at least said

internal structure of said vessel.

15. The method of claim 11, wherein said first and second catheters further comprise magnetic

members positioned thereon, wherein said magnetic members have sufficient magnetic force to

cause adjustment in the position of first and second catheters when in proximity to one another.

16. The method of claim 15, further comprising allowing magnetic attraction between said

magnetic members of said first and second catheters.



17. The method of claim 16, wherein said magnetic attraction draws said first and second vessels

closer to each other.

18. The method of claim 11, wherein said perforation member is configured to translate axially

along a length of said associated catheter upon activation to perforate the first and second vessels

along a length of the anatomic site.

19. The method of claim 11, further comprising a controller operatively coupled to said

perforation member and configured to cause movement of said perforation member on-demand

once said first and second catheters are aligned and said perforation member is positioned at said

anatomic site.

20. The method of claim 11, wherein said first and second vessels are selected from an artery and

vein.

21. The method of claim 11, wherein said intraluminal data is used to facilitate positioning of at

least one of said first and second catheters.

22. The method of claim 11, further comprising acquiring extraluminal data of said first and

second vessels with an extraluminal imaging modality.

23. The method of claim 22, wherein said extraluminal data is used to facilitate positioning of at

least one of said first and second catheters.

24. The method of claim 22, wherein the extraluminal imaging modality is x-ray-based.

25. The method of claim 24, wherein the extraluminal imaging modality is selected from the

group consisting of fluoroscopy, angiography, and combinations thereof.
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