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SYSTEMS AND METHODS FOR REMOVAL OF BLOOD AND THROMBOTIC

MATERIAL

BACKGROUND OF THE INVENTION

Field of the Invention

[0001] The present disclosure pertains generally to medical devices and

methods of their use. More particularly, the present invention pertains to aspiration and

thrombectomy devices and methods of use thereof.

Description of the Related Art

[0002] Several devices and systems already exist to aid in the removal of

thrombotic material. These include simple aspiration tube type devices using vacuum

syringes to extract thrombus into the syringe, simple flush-and-aspirate devices, more

complex devices with rotating components the pull in, macerate and transport thrombotic

material away from the distal tip using a mechanical auger, systems that use very high

pressure to macerate the thrombus and create a venturi effect to flush the macerated

material away.

[0003] All of the devices described above have limitations as a result of

individual design characteristics. For example, simple aspiration catheters offer ease of

use and rapid deployment but may become blocked or otherwise inoperable when faced

with older, more organized thrombotic material. Such devices must be removed and

cleared outside the body and then re-inserted into the vasculature, which lengthens the

time needed for the procedure and increases the opportunity to kink the catheter shaft.

Such kinks may reduce performance by decreasing the cross-sectional area of the catheter

or may render the device inoperable.

[0004] Mechanical rotary devices use an auger to grab and carry the thrombus

away from the target area. Some create transport force via vacuum bottles while others

create differential pressure at the distal tip of the device with the auger acting as a low

pressure pump. These devices typically work slowly and offer the physician no feedback

as to when the device should be advanced further into the lesion.



[0005] Flushing type devices include manual flush type devices in which the

physician manipulates a hand-driven pump to provide flowing saline at the tip of the

device to break up and aspirate the thrombus material, which may introduce performance

variations based on the ability of the physician to consistently pump the device over the

duration of the procedure. Flushing devices also include high pressure flushing devices

that macerate the thrombus and then, using a vortex created by the high pressure fluid,

transport the emulsified thrombotic material to a collection bag. These devices are

effective at removing all levels of thrombotic material, but the pressure created by the

device is so great that its action against certain vessel walls may interrupt the heart

muscle stimulation mechanism and create a bradycardia event in certain patients,

sometimes requiring that a pacing lead be placed in the patient prior to use. Further,

interacting with the thrombotic material outside of the catheter may allow loose material

to escape the capture mechanism.

SUMMARY OF THE INVENTION

[0006] In one embodiment of the present invention, a system for aspirating

thrombus includes an aspiration catheter having a supply lumen and an aspiration lumen,

the supply lumen having a wall and a closed distal end, the aspiration lumen configured to

couple to a vacuum source and having an interior wall surface, and an open distal end, an

orifice in the wall of the supply lumen, in fluid communication with the interior of the

aspiration lumen, the orifice located proximally of the open distal end of the aspiration

lumen and adjacent the closed distal end of the supply lumen, wherein the orifice is

configured to create a spray pattern when pressurized fluid is pumped through the supply

lumen such that the spray pattern impinges on the interior wall surface of the aspiration

lumen when a distal end of the aspiration catheter is immersed within an aqueous

environment, and a disposable tubing set having a first conduit configured to couple to

the supply lumen of the aspiration catheter to a fluid source, and a pump component

associated with the first conduit and configured to detachably couple to a drive unit, such

that motion from the drive unit is transferred to the pump component such that resultant

motion of the pump component causes fluid from the fluid source to be injected through

the supply lumen of the aspiration catheter, and through the orifice into the aspiration

lumen.



[0007] In another embodiment of the present invention, a system for aspirating

thrombus includes an aspiration catheter having a supply lumen and an aspiration lumen,

the supply lumen having a distal end, the aspiration lumen configured to couple to a

vacuum source and having an interior wall surface, and an open distal end, an orifice at or

near the distal end of the supply lumen, in fluid communication with the interior of the

aspiration lumen, the orifice located proximally of the open distal end of the aspiration

lumen, wherein the orifice is configured to create a spray pattern when pressurized fluid

is pumped through the supply lumen such that the spray pattern impinges on the interior

wall surface of the aspiration lumen when a distal end of the aspiration catheter is

immersed within an aqueous environment, and a disposable tubing set having a first

conduit configured to couple the supply lumen of the aspiration catheter to a fluid source,

and a pump component associated with the first conduit and configured to detachably

couple to a drive unit, such that motion from the drive unit is transferred to the pump

component such that resultant motion of the pump component causes fluid from the fluid

source to be injected through the supply lumen of the aspiration catheter, and through the

orifice into the aspiration lumen.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1 is a diagrammatic view of a system for aspirating thrombus

according to an embodiment of the present invention.

[0009] FIG. 2 is a diagrammatic view showing more detail of the proximal

portion of the system for aspirating thrombus of FIG. 1.

[0010] FIG. 3 is a diagrammatic view of the distal end portion of the system

for aspirating thrombus of FIG. 1.

[0011] FIG. 4 is a plan view of disposable components of a system for

aspirating thrombus according to an embodiment of the present invention.

[0012] FIG. 5 is a detailed view of detail 5 of FIG. 4 .

[0013] FIG. 6 is a detailed view of detail 6 of FIG. 4 .



[0014] FIG. 7 is a detailed view of detail 7 of FIG. 4 .

[0015] FIG. 8 is a detailed view of detail 8 of FIG. 4 .

[0016] FIG. 9 is a plan view of a distal end of an aspiration catheter of the

system for aspirating thrombus of FIG. 4 .

[0017] FIG. 10 is a sectional view of FIG. 9 taken through line 10-10, as

viewed within a blood vessel.

[0018] FIG. 11 is a detailed view of detail 11 of FIG. 10.

[0019] FIG. 12 is elevation perspective view of a pump base according to an

embodiment of the present invention.

[0020] FIG. 13 illustrates a piston of the system for aspirating thrombus being

coupled to a saddle of a piston pump.

[0021] FIG. 14 is a cross-sectional view of the distal tip of the aspiration

catheter of FIG. 9 .

[0022] FIG 15 is a view a cassette for coupling to a pump base.

[0023] FIG. 16 is a sectional view of the cassette of FIG. 15.

[0024] FIG. 17 is a partially exploded view of the pump base of FIG. 12.

[0025] FIG. 18 is a graph of a pressure vs. time relationship of a piston pump.

[0026] FIG. 19 is an elevation view of a piston and a cassette of a piston pump

according to an embodiment of the present invention.

[0027] FIG. 20 is a graph of a pressure vs. time relationship of a piston pump.



[0028] FIG. 1 is a plan view of disposable components of a system for

aspirating thrombus according to an embodiment of the present invention.

[0029] FIG. 22 is a detailed view of a catheter of the system for aspirating

thrombus of FIG. 21.

[0030] FIG. 23 is a detailed view of a tubing set of the system for aspirating

thrombus of FIG. 21.

[0031] FIG. 24 is an exploded view of a saline pump drive unit according to an

embodiment of the present invention.

[0032] FIG. 25 is an exploded view of a disposable piston pump head of the

saline pump unit of FIG. 24.

[0033] FIG. 26 is a sectional view of an aspiration catheter of a system for

aspirating thrombus within a blood vessel according to an embodiment of the present

invention.

[0034] FIG. 27 is a sectional view of a catheter within a blood vessel

delivering a drug to a target site.

DETAILED DESCRIPTION OF THE ILLUSTRATED EMBODIMENTS

[0035] For the following defined terms, these definitions shall be applied,

unless a different definition is given in the claims or elsewhere in this specification.

[0036] All numeric values are herein assumed to be modified by the term

"about," whether or not explicitly indicated. The term "about" generally refers to a range

of numbers that one of skill in the art would consider equivalent to the recited value (i.e.,

having the same function or result). In many instances, the terms "about" may include

numbers that are rounded to the nearest significant figure.



[0037] The recitation of numerical ranges by endpoints includes all numbers

within that range (e.g. 1 to 5 includes 1, 1.5, 2, 2.75, 3, 3.80, 4, and 5).

[0038] As used in this specification and the appended claims, the singular

forms "a", "an", and "the" include plural referents unless the content clearly dictates

otherwise. As used in this specification and the appended claims, the term "or" is

generally employed in its sense including "and/or" unless the content clearly dictates

otherwise.

[0039] The following detailed description should be read with reference to the

drawings in which similar elements in different drawings are numbered the same. The

drawings, which are not necessarily to scale, depict illustrative embodiments and are not

intended to limit the scope of the invention.

[0040] FIG. 1 is a diagrammatic figure depicting an assisted aspiration system

10. The aspiration system 10 includes a remote hand piece 12 that contains a fluid pump

26 and an operator control interface 6 . In one contemplated embodiment, the system 10 is

a single use disposable unit. The aspiration system 10 may also include extension tubing

14, which contains a fluid irrigation lumen 2(or high pressure injection lumen) and an

aspiration lumen 4, and which allows independent manipulation of a catheter 16 without

requiring repositioning of the hand piece 12 during a procedure performed with the

aspiration system 10. Extension tubing 14 may also act as a pressure accumulator. High

pressure fluid flow from the pump 26, which may comprise a displacement pump, pulses

with each stroke of the pump 26, creating a sinusoidal pressure map with distinct

variations between the peaks and valleys of each sine wave. Extension tubing 14 may be

matched to the pump 26 to expand and contract in unison with each pump pulse to reduce

the variation in pressure caused by the pump pulses to produce a smooth or smoother

fluid flow at tip of catheter 16. Any tubing having suitable compliance characteristics

may be used. The extension tubing 14 may be permanently attached to the pump 26 or it

may be attached to the pump 26 by a connector 44. The connector 44 is preferably

configured to ensure that the extension tubing 14 cannot be attached to the pump 26

incorrectly.



[0041] An interface connector 18 joins the extension tubing 14 and the catheter

16 together. In one contemplated embodiment, the interface connector 18 may contain a

filter assembly 8 between high pressure fluid injection lumen 2 of the extension tubing 14

and a high pressure injection lumen 36 of the catheter 16 (FIG. 3). The catheter 16 and

the extension tubing 14 may be permanently joined by the interface connector 18.

Alternatively, the interface connector 18 may contain a standardized connection so that a

selected catheter 16 may be attached to the extension tubing 14.

[0042] Attached to the hand piece 1 are a fluid source 20 and a vacuum

source 22. A standard hospital saline bag may be used as fluid source 20; such bags are

readily available to the physician and provide the necessary volume to perform the

procedure. Vacuum bottles may provide the vacuum source 22, or the vacuum source 22

may be provided by a syringe, a vacuum pump or other suitable vacuum sources.

[0043] In one contemplated embodiment, the catheter 16 has a variable

stiffness ranging from stiffer at the proximal end to more flexible at the distal end. The

variation in the stiffness of the catheter 16 may be achieved with a single tube with no

radial bonds between two adjacent tubing pieces. For example, the shaft of the catheter 16

may be made from a single length of metal tube that has a spiral cut down the length of

the tube to provide shaft flexibility. Variable stiffness may be created by varying the pitch

of the spiral cut through different lengths of the metal tube. For example, the pitch of the

spiral cut may be greater (where the turns of the spiral cut are closer together) at the distal

end of the device to provide greater flexibility. Conversely, the pitch of the spiral cut at

the proximal end may be lower (where the turns of the spiral cut are further apart) to

provide increased stiffness. In some embodiments, a single jacket may cover the length of

the metal tube to provide for a vacuum tight catheter shaft. Other features of catheter 16

are described with reference to FIG. 3, below.

[0044] FIG. 2 is a diagrammatic view showing more detail of the hand piece

12 and the proximal portion of assisted catheter aspiration system 10. The hand piece 12

includes a control box 24 where the power and control systems are disposed. The pump

26 may in some embodiments be a motor driven displacement pump that has a constant

output. The pump displacement relationship to the catheter volume, along with the

location of the orifice 42 (exit) of the catheter high pressure lumen 36 within the



aspiration lumen 38 (FIG. 3), ensures that no energy is transferred to the patient from the

saline pump as substantially all pressurized fluid is evacuated by the aspiration lumen. A

prime button 28 is mechanically connected to a prime valve 30. When preparing the

device for use, it is advantageous to evacuate all air from the pressurized fluid system to

reduce the possibility of air embolization. By depressing the prime button 28, the user

connects the fluid source 20 to the vacuum source 22 via the pump 26. This forcefully

pulls fluid (for example 0.9 % NaCl solution, or "saline", or "normal saline", or

heparinized saline) through the entire pump system, removing all air and positively

priming the system for safe operation. A pressure/vacuum valve 32 is used to turn the

vacuum on and off synchronously with the fluid pressure system. One contemplated valve

32 is a ported one way valve. Such a valve is advantageous with respect to manual or

electronic valve systems because it acts as a tamper proof safety feature by mechanically

and automatically combining the operations of the two primary systems. By having

pressure/vacuum valve 32, the possibility of turning the vacuum on without also

activating the fluid system is eliminated.

[0045] The operator control interface 6 is powered by a power system 48 (such

as a battery or an electrical line), and may comprise an electronic control board 50, which

may be operated by a user by use of one or more switches 52 and one or more indicator

lamps 54. The control board 50 also monitors and controls several device safety

functions, which include over pressure detection, air bubble detection, and vacuum

charge. A pressure sensor 64 monitors pressure (i.e. injection pressure), and senses the

presence of air bubbles. Alternatively, or in conjunction, an optical device 66 may be

used to sense air bubbles. In one contemplated embodiment, the pump pressure is

proportional to the electric current needed to produce that pressure. Consequently, if the

electric current required by pump 26 exceeds a preset limit, the control board 50 will

disable the pump 26 by cutting power to it. Air bubble detection may also be monitored

by monitoring the electrical current required to drive the pump 26 at any particular

moment. In order for a displacement pump 26 to reach high fluid pressures, there should

be little or no air (which is highly compressible) present in the pump 26 or connecting

system (including the catheter 16 and the extension tubing 14). The fluid volume is small

enough that any air in the system will result in no pressure being generated at the pump

head. The control board monitors the pump current for any abrupt downward change that

may indicate that air has entered the system. If the rate of drop is faster than a preset limit,



the control board 50 will disable the pump 26 by cutting power to it until the problem is

corrected. Likewise, a block in the high pressure lumen 36 (FIG. 3), which may be due to

the entry of organized or fibrous thrombus, or a solid embolus, may be detected by

monitoring the electrical current running the pump 26. In normal use, the current

fluxuations of the pump 26 are relatively high. For example, the pump 26 may be

configured so that there is a variation of 200 milliAmps or greater in the current during

normal operation, so that when current fluxuations drop below 200 milliAmps, air is

identified, and the system shuts down. Alternatively, current fluxuations in the range of,

for example, 50 milliAmps to 75 milliAmps may be used to identify that air is in the

system. Additionally, an increase in the current or current fluxuations may indicate the

presence of clot or thrombus within the high pressure lumen 36. For example, a current of

greater than 600 milliAmps may indicate that thrombus it partially or completely blocking

the high pressure lumen 36, or even the aspiration lumen 38 (FIG. 3).

[0046] A vacuum line 56, connected to the vacuum source 22, may be

connected to a pressure sensor 58. If the vacuum of the vacuum source 22 is low (i.e. the

absolute value pressure has decreased) or if a leak is detected in the vacuum line 56, the

control board 50 disables the pump 26 until the problem is corrected. The pressure sensor

58 may also be part of a safety circuit 60 that will not allow the pump 26 to run if a

vacuum is not present. Thereby, a comprehensive safety system 62, including the safety

circuit 60, the pressure sensor 64 and/or the optical device 66, and the pressure sensor 58,

requires both pump pressure and vacuum pressure for the system to run. If a problem

exists (for example, if there is either a unacceptably low pump pressure or an absence of

significant vacuum), the control board 50 will not allow the user to operate the aspiration

system 10 until all problems are corrected. This will keep air from being injected into a

patient, and will assure that the aspiration system 10 is not operated at incorrect

parameters. Alternatively, in lieu of a direct connection (e.g., electrical, optical), the

pressure sensor 58 can be configured to send a wireless signal to the control board 50, or

any other component (e.g., antenna) coupled to or in communication with the control

board 50, to remotely control operation of the pump 26. The removte control may be

possible, whetehr the pump is within the sterile filed or outside the sterile field.

[0047] FIG. 3 is a diagrammatic view of the distal end portion 68 of the

assisted catheter aspiration system 10, showing more details of the catheter 16. The



catheter 16 in some embodiments is a single-operator exchange catheter and includes a

short guidewire lumen 34 attached to the distal end of the device. The guidewire lumen

34 can be between about 1 and about 30 cm in length, or between about 5 and about 25

cm in length, or between about 5 and about 20 cm in length, or approximately 13.5 cm in

length. In other embodiments, a full-length guidewire lumen (extending the length of the

catheter 16) may be used. For example, a catheter 16 sized to be used on peripheral blood

vessels, including peripheral arteries, may incorporate a full-length guidewire lumen. In

some embodiments, the aspiration itself may also serve as a guidewire lumen. An

aspiration lumen 38 includes a distal opening 40 which allows a vacuum (for example,

from vacuum source 22) to draw thrombotic material into the aspiration lumen 38. A high

pressure lumen 36 includes a distal orifice 42 that is set proximally of distal opening 40

by a set amount. For example, distal orifice 42 can be set proximally of distal opening 40

by about 0.508 mm (0.020 inches), or by 0.508 mm ± 0.076 mm (0.020 inches ±

0.003inches) or by another desired amount. The orifice 42 is configured to spray across

the aspiration lumen to macerate and/or dilute the thrombotic material for transport to

vacuum source 22, for example, by lowering the effective viscosity of the thrombotic

material. The axial placement of the fluid orifice 42 is such that the spray pattern

interaction with the opposing lumen wall preferably produces a spray mist and not a swirl

pattern that could force embolic material out from the distal opening 40. The spray

pattern may be present at least when a distal end of the catheter 16 is within an aqueous

environment, such as a body lumen, including a blood vessel. The aqueous environment

may be at body temperature, for example between about 35.0°C and about 40.0°C, or

between about 36.0°C and about 38.0°C. The system may be configured so that the

irrigation fluid leaves the pump at a pressure of between about 3.447 megapascal (500

pounds per square inch) and about 10.342 megapascal (1500 pounds per square inch). In

some embodiments, after a pressure head loss along the high pressure lumen 36, the

irrigation fluid leaves orifice 42 at between about 4.137 megapascal (600 pounds per

square inch) and about 8.274 megapascal (1200 pounds per square inch), or between

about 4.816 megapascal (650 pounds per square inch) and about 5.861 megapascal (850

pounds per square inch).

[0048] FIG. 4 illustrates a system for aspirating thrombus 100 according to an

embodiment of the present invention. The system for aspirating thrombus 100 depicted in

FIG. 4 represents disposable components 101, comprising a tubing set 103 and an



aspiration catheter 118, which are configured to attach to a vacuum source 22, a fluid

source 20 (FIGS. 1 and 2), a pressure monitor (not shown), and a pump base 200 (FIG.

12). The system for aspirating thrombus 100 is also configured to be used with a

guidewire. Beginning with the components of the tubing set 103, a spike 102 (shown in

more detail in FIG. 5) is configured to couple to a fluid source 20 such as a saline bag.

The saline bag may have a volume of saline equal to about 1000 ml or about 500 ml. The

saline may be heparinized, or may contain one or more therapeutic agents. The saline may

be at room temperature, or may be warmed or cooled. A connector 104 (shown in more

detail in FIG. 7), for example a luer connector, is configured to couple to a vacuum

source 22. The vacuum source 22 may be a vacuum bottle having a volume of between 20

ml and 500 ml. The vacuum source 22 may instead be a 60 ml syringe whose plunger is

pulled back after coupling to the connector 104. This may be a lockable plunger, which is

locked in order to maintain the evacuated plunger position. In some cases, the vacuum

source 22 may be a 20 ml syringe or a 30 ml syringe. An exemplary syringe with a

lockable plunger is the VacLok® syringe sold by Merit Medical Systems, Inc. of South

Jordan, UT, USA. The vacuum source 22 may also be a vacuum pump, with or without a

collection container. A pressure transducer 106 capable of measuring vacuum (including

positive pressure sensors that are configured to measure positive pressure, but are capable

of measuring negative pressure) is coupled to a vacuum line 108 via a y-connector 110.

Signals from the pressure transducer 106 travel along a cable 112 (FIG. 7), which also

supplies voltage to the pressure transducer 106. A connector 114 (also shown in FIG. 6)

couples the cable 112 to a pressure monitor or to the pump base 200. A cassette 116 is a

disposable component attachable to the pump base 200 (FIG. 12) for allowing pressurized

injection of a liquid injectate (such as saline). The cassette 116 is described in more detail

in relation to FIG. 6 . The aspiration catheter 118 having a distal end 120 is shown in more

detail in FIG. 8.

[0049] Turning to FIG. 5, the spike 102 communicates with extension tubing

122. Liquid injectate is pumped downstream at the piston pump, which pulls more liquid

injectate (for example from a saline bag) through a check valve 126 and through a supply

tube 130. An injection port 128 may be used for injecting other materials into the system,

or for removing air or priming the system. The spike 102 may be packaged with a

removable protective spike cover 124.



[0050] The cassette 116, as seen in FIG. 6, pulls liquid injectate from the

supply tube 130, and pressurizes (in conjunction with the pump base 200) an injection

tube 152. More detail of the cassette 116 will be described along with the description of

the entire piston pump. FIG. 7 shows more detail of the pressure transducer 106 for

measuring the vacuum. The pressure transducer 106 connects to the y-connector 110 with

a luer fitting 154. The injection tube 152 and the vacuum line 108 communicate to lumens

of a catheter shaft 142. For example, the injection tube 152 may be fluidly connected to a

distal supply tube 168 (FIGS. 9-1 1), for example a polyimide or stainless steel or nitinol

tube having high strength thin walls. This distal supply tube 168 may reside within the

catheter shaft 142, with the annulus between forming an aspiration lumen 160 (FIGS. 9-

11). A strain relief 156 protects the catheter shaft 142 from kinking and other damage. In

any cases in which luer fittings 154 are used (at any of the connections), a custom luer

with an added o-ring may be used in order to allow the connection to withstand elevated

pressures. In some embodiments, a bespoke connector may be utilized, to increase high

pressure endurance. In some embodiments, pressures as high as 6.89 megapascal (1,200

pounds per square inch) or greater may be achieved without leakage or without causing

decoupling of the catheter.

[0051] Turning to FIG. 8, the aspiration catheter 118 is illustrated as a single-

operator exchange catheter and includes a guidewire tube 132 attached to the distal end

120 on one side of the aspiration catheter 118. The guidewire tube 132 can be between

about 1 and about 30 cm in length, or between about 5 and about 25 cm in length, or

between about 5 and about 20 cm in length, or approximately 13.5 cm in length. The

guidewire tube 132 has a distal end 136 and a proximal end 138, and a single guidewire

lumen 134 passing between the two ends 136, 138. The guidewire lumen 134 may be

configured to be compatible with a 0.014" guidewire, a 0.018" guidewire, or a number of

other guidewire diameters. A lumen inner diameter may be about 0.406 mm (0.016

inches) for compatibility with a 0.014" guidewire. The guidewire tube 132 may be

constructed of a number of materials, including nylon, polyethylene, PEBAX®,

polyester, PET, or may be constructed from composite or coextruded materials. For

example an inner layer may comprise high density polyethylene or FEP, PTFE, ETFE, or

other materials for high lubricity, and an outer layer may include PEBAX, nylon or other

materials, for combination mechanical strength and flexibility. A tie layer may be used

between the inner and outer layers, for example linear low density polyethylene. The



catheter 118 may include a composite catheter shaft 142 having an inner support structure

144 covered with a polymer jacket 146. The inner support structure 144 may be a tubular

braid or one or more helical coils, for example, made with stainless steel flat or round

wires. The inner support structure 144 may also be spiral cut hypodermic tubing, for

example made from 304 stainless steel or nickel-titanium. The spiral cut hypodermic

tubing may have a pitch measuring about 4 to 6 millimeters, or about 5 millimeters at the

proximal end for increased stiffness, transitioning to a pitch of about 0.75 to 1 mm or

about 0.87 mm, at the distal end 150 of the inner support structure 144. In between the

these two different pitch sections, may be intermediate pitch sections, for example, a

section having a pitch of between about 2 mm and about 5 mm, and another section

having a pitch of about 1 mm to about 2.5 mm. The inner support structure 144 may end

at a transition zone 148, so that the polymer jacket 146 alone extends to the distal end 136

of the aspiration catheter 118. A catheter tip portion 140 is described in more detail in

relation to FIGS. 9-1 1.

[0052] FIGS. 9-1 1 show an open distal end 158 of an aspiration lumen 160 for

aspirating thrombus. A skive 162 may be formed in the polymer jacket 146, to aid entry

of thrombus 164 that is aspirated into the aspiration lumen 160 (in the direction of arrow

180) by the combination of the vacuum created by the vacuum source 22. The skive 162

also minimizes the chances of the open distal end 158 being sucked against a blood vessel

wall 166. A distal supply tube 168 has a closed distal end 170, for example, it may

occluded during manufacture using adhesive, epoxy, hot melt adhesive or an interference

member. Alternatively, the distal supply tube 168 may be closed off by melting a portion

of it. The distal supply tube 168 has a lumen 176 extending its length and an orifice 172

formed through its wall 174 at a location adjacent and proximal to the closed distal end

170. The orifice 172 may have a diameter between about 0.0508 mm (0.002 inches) and

about 0.1016 mm (0.004 inches), or about 0.0787 mm (0.0031 inches). The inner

diameter of the distal supply tube 168 may be between about 0.3048 mm (0.012 inches)

and about 0.4826 mm (0.019 inches), or between about 0.3556 mm (0.014 inches and

about 0.4318 mm (0.017 inches) or about 0.3937 mm (0.0155 inches). The lumen 176 of

the distal supply tube 168 is a continuation of an overall flow path emanating from the

fluid source 20 including the extension tubing 122, the supply tube 130, the interior of the

cassette 116, and the injection tube 152. In some embodiments, the lumen 176 of the

distal supply tube 168 may taper, for example, from an inner diameter of about 0.3937



mm (0.0155 inches) at a proximal portion to an inner diameter of about 0.2974 mm

(0.01 1 inches) at a distal portion. In some embodiments, the equivalent of a taper may be

achieved by bonding different diameter tubing to each other, resulting in a stepped-down

tubing inner diameter. In some embodiments, different diameter tapered tubing may be

bonded to each other, for a combination of tapering and step-down of diameter. As

described in conjunction with the piston pump, a pump output pressure wave of about

4.137 megapascal (600 pounds per square inch) to about 5.516 megapascal (800 pounds

per square inch) causes a liquid injectate to flow through the flow path, including a the

distal supply tube 168 (arrows 182), and causes a fluid jet 178 to exit the orifice 172 at a

high velocity. The fluid jet 178, in absence of flow through the aspiration lumen 160 (for

example if there is no vacuum), would impinge upon an inner wall 181 of the aspiration

lumen 160 directly adjacent the orifice 172. Depending on the amount of vacuum present,

the fluid jet, may curve as shown. The fluid jet 178 serves to macerate thrombus 164 that

enters the aspiration lumen 160, and dilutes it. The flow rate of the liquid injectate (e.g.

saline) and the amount of vacuum are controlled so that about 50% to about 70% of the

volume of the mixture of the saline and blood flowing through the proximal aspiration

lumen 160 is blood. Or about 60% of the volume is blood. This maceration and dilution

assures that there is continuous flow through the aspiration lumen 160 so that it will not

clog. The fluid jet 178 is configured to be contained within the aspiration lumen 160, and

to not exit into a blood vessel or other body lumen.

[0053] The axial center of the orifice 172 is about 0.3302 mm (0.013 inches) to

about 0.4826 mm (0.019 inches) proximal to the most proximal portion of the open distal

end 158, as illustrated by distance D in FIG. 11. FIG. 14 is a cross-section of the catheter

tip portion 140 at the axial center of the orifice 172. The orifice 172 it is oriented

approximately along a vertical midline 184 of the aspiration lumen 160, or within a range

of ± a, there where angle a is about 20°. The angle a, may be varied in different

embodiments between about 1° and about 45°, or between about 20° and about 35°. The

guidewire tube 132 may be secured to the polymer jacket 146 with attachment materials

186, such as adhesive, epoxy, hot melt or other materials. The guidewire tube 132 may be

secured along its entire length, or at discrete locations along its length, in order to

maximize flexibility. The distal supply tube 168 may be secured within the aspiration

lumen 160 with attachment materials 188, such as adhesive, epoxy, hot melt or other

materials. The polymer jacket 146 may comprise a number of different materials,



including PEBAX, nylon, or polyurethane. In some embodiments, the polymer jacket

may be partially melt bonded to the distal supply tube 162 and/or the guidewire tube 132,

in order to minimize the wall thickness of the assembly.

[0054] FIG. 12 illustrates a pump base 200 for coupling the cassette 116 of the

system for aspiration of thrombus 100. A housing 202 is attached to an IV pole clamp

204, and contains the control circuitry and the motor for operating a piston pump system

300 (FIG. 13) which comprises the combined pump base 200 and the cassette 116. By

action of a motor and cam within the pump base 200, a saddle 206 is cyclically actuated

(up and down) within a window 208 to move a piston 210 within the cassette 116 (FIG.

13). Pegs 212 of the cassette 116 insert into cavities 216 in the pump base 200. Biased

snaps 214 lock into one or more grooves 218 in the pump base 200. Either the cavities

216 or the grooves 218, may have one or more switches which sense the presence of the

cassette 116. For example, the cassette for one particular model may have a first number

(or combination) of pegs 212 or biased snaps 214, which another particular model may

have a different number (or combination) of pegs 212 or biased snaps 214, which is

recognized by the system. A smooth surface 224 of an elastomeric frame 222 engages

edges 220 of the cassette 116, for enhanced protection. An upper space 226 is configured

to engage, or closely match the supply tube 130 and a lower space 228 is configured to

engage, or closely match the injection tube 152. The saddle 206 has a semi-cylindrical

cavity 236 which snaps over a cylindrical engagement surface 238 on the piston 210. The

saddle also has an upper edge 240 and a lower edge 242 for axially engaging a first

abutment 244 and a second abutment 246, respectively, of the piston 210. A user interface

230 on the pump base 200 has one or more buttons 232 and one or more indicators 234,

which allow the user to operate and assess the operation of the system 100. For example,

the buttons may include a start button to begin pumping, a stop button to stop pumping, a

prime button to prime the system with a fluid injectate and purge out air, or a temporary

pause button. Other data entry keys are also possible. The cassette 116 may include one

or more interface components 248. For example, a resistor, whose value the pump base

200 is able to measure via contacts 247, 249 when the cassette 116 is attached to the

pump base. This allows the pump base to determine the appropriate parameter for

operating a specific model of the system 100. For example, a first resistor having a first

resistance may be used with a first model and a second resistor having a second resistance

may be used with another model. Alternatively, the interface component 248 may



incorporate an RFID chip, such as a read RFID chip or a read/write RFID chip. This may

allow specific data (pump operating pressures, RPM of motor output, etc.) to be recorded

within the pump base or to connected hardware and identified for each patient.

[0055] FIG. 15 and 16 illustrate the cassette 116 with most of its internal

components visible. FIG. 16 is a sectional view of the cassette 116. The cassette 116

comprises an internal supply cylinder 252 and an internal injection cylinder 254, which

are cylindrical cavities extending within the cassette 116. The piston 210 includes a

supply side shaft 256 and an injection side shaft 258, the supply side shaft 256 including

an o-ring 266 for sealably interfacing with the supply cylinder 252 and the injection side

shaft 258 including an o-ring 268 for sealably interfacing with the injection cylinder 254.

Each of the o-rings 266, 268 are within a cylindrical groove 290, 292 around each

respective shaft portion 256, 258. An internal ball valve 272 (FIG. 16) stops injectate

(saline) from flowing through an internal channel 274 in the supply side shaft 256 of the

piston 210 when the piston 210 moves in a first direction 276, but the internal ball valve

272 allows injectate to flow through the internal channel 274 and through an internal

channel 282 in the injection side shaft 258 when the piston 210 moves in a second

direction 278. The ball valve 272 is axially held between a spherical annular recess 284 in

the interior of the supply side shaft 256 and a recess having thru channels 286 in the

injection side shaft 258. The supply side shaft 256 and the injection side shaft 258 may be

held together with a threaded connection 288. When the piston 210 moves in the first

direction 276, the injection side shaft 258 of the piston 210 and o-ring 268 force injectate

through the injection tube 152. A protective tube 280 is shown over the injection tube

152. In FIG. 15, the injection side shaft 258 is shown at the bottom of an injection pulse.

Injectate is filtered through an in-line filter 262, which may be a 40 to 50 micron filter,

having an approximate thickness of 0.762 mm (0.030 inches). The in-line filter 262 is

configured to keep particulate out of the injectate. Even though injectate is circulated

through the aspiration catheter 118, and not into the blood vessel, the filtering provided

by the in-line filter 262 is an extra safety step. However, this step helps assure that

particulate does not block the small orifice 172 (FIG. 11). When the piston 210 moves in

the second direction 278, the supply side shaft 256 of the piston 210 and the o-ring 266

sealably move together within the supply cylinder 252, but the ball valve 272 allows the

injectate to pass through the internal channels 274, 282 of the piston 210 and fill the

injection cylinder 254. The injectate is able to enter from the supply tube 130 through a



check valve assembly 270 comprising an o-ring 264 and a check valve 250. The check

valve 250 allows injectate to enter the interior of the cassette 116 from the supply tube

130, but not to move from the cassette 116 to the supply tube 130. The check valve 250

may be configured so that air, due at least in part to its low viscosity, will not be able to

cause the check valve 250 to move (open), thus not allowing air to progress through the

system. In some embodiments, the piston 210 may be a single piece (monolithic) design

with a bore into which a check-valve is press-fit or bonded. A check valve compatible

with this assembly may be supplied by the Lee Company of Westbrook, CT, USA.

[0056] The volume of injectate injected per cycle may range from about 0.02

ml to about 4 1 ml, or from about 0.04 ml to about 2.0 ml, or about 0.06 ml to about 0.08

ml, or about 0.07 ml. The usable volume (volume that can be injected) of the injection

cylinder 254 may be configured to be less than the usable volume (volume that can be

filled from) of the supply cylinder 252, in order to assure sufficient filling of the injection

cylinder 254. For example, the usable volume of the injection cylinder 254 may be about

0.05 ml to about 0.12 ml, and the usable volume of the supply cylinder 252 may be about

0.07 ml to about 0.16 ml. A usable volume ratio Ru of between about 1.15 and about

2.00, or between about 1.25 and about 1.85, or about 1.40 is contemplated, where:

Ru = scu icu, wherein:

Vscu = Usable volume of the supply cylinder 252, and

Vicu = Usable volume of the injection cylinder 254.

[0057] A mean flow rate of between about 5 ml/minute and about 100

ml/minute. In some embodiments for use in coronary applications, 20 ml/minute may be

desired. In some embodiments for use in peripheral applications, 50 ml/minute may be

desired.

[0058] FIG. 18 illustrates a graph 600 of a pressure (P) vs. time (T) curve 602

of a piston pump. Peaks 604 and valley 606 of the curve 602 can be dependent upon the

design of the piston and cylinders of the piston pump, particularly of the usable volume

ratio Ru- Turning to FIG. 19, a piston 608 is illustrated having a first diameter Di and a

second diameter D2 measured at the compressed o-rings 601, 603 (when placed within

cylinders 605 and 607 of a cassette 609). The diameters of the cylinders 605, 607 are thus



also defined as diameters Di and D2. When the diameters D l D , and the lengths of the

cylinders 605, 607 are adjusted such that the the usable volume ratio Ru is optimized as

previously described, a curve 610 as illustrated in FIG. 20 may be produced. The curve

610 has less-defined peaks 614 and valleys 616, and thus produces less variation of flow

amplitude, and a more balanced injection.

[0059] The partially exploded pump base 200 in FIG. 1 illustrates the internal

mechanisms for linear (up and down) actuation of the saddle 206, which is attached to a

saddle stage 310. A motor 302 is controlled by a circuit board 304 and operated by the

user interface 230 (FIG. 12), whose indicators 234 are lit by LEDs 306. The motor 302

turns a cam 316, in which includes a path 330. The saddle stage 310 has a pin 318

extending from its back side. The pin 318 may be press fit, bonded or screwed in place

within the saddle stage 310. The saddle stage 310 is secured with screws to two slides

312, 314 through holes 326, 328, such that rotary motion of the cam 316 causes the pin

318 to track along the path 330 of the cam 316, thus causing the saddle stage 310 attached

to the slides 312, 314 to slide upward and downward in cyclic motion. The shape of the

cam determines the amount of acceleration and deceleration in the motion. Upper posts

322 and lower posts 324 serve as guides and/or stops of the saddle stage 310. The

connector 114 of the pressure transducer 106 for measuring vacuum may be plugged into

socket 308 (also shown in FIG. 12), and pressure related signals may be processed by the

circuit board 304. The entire pump base 200 is reusable.

[0060] The inner contour diameter of the cam 316 may be sized and/or shaped

to control the stroke length of the piston 210 and the amount of pulsatility (i.e., the

difference between the high and low pressure). In some cases, decreasing the stroke

length decreases the amount of pulsatiliy. In applications within the heart, such as

coronary artery applications, lowering the amount of pulsatility can reduce the incidence

of bradycardia. To compensate for a lower stroke length, and to maintain a sufficient total

flow rate, the speed of the rotation of the cam (i.e. rotations per minute), can be increased,

for example by increasing motor output speed, either by gearing or by increased applied

voltage.

[0061] Another embodiment of a system for aspirating thrombus 800 is

illustrated in FIG.21. The system for aspirating thrombus 800 includes, three major



components: the pump base 200 of FIG. 12, an aspiration catheter 818, and a tubing set

803. The aspiration catheter 818 and the tubing set 803 represent disposable components

801, and the pump base 200 is a reusable component. It is not necessary to sterilize the

pump base 200 as it is kept in a non-sterile field or area during use. The aspiration

catheter 818 and the tubing set 803 may each be supplied sterile, after sterilization by

ethylene oxide gas, electron beam, gamma, or other sterilization methods. The aspiration

catheter 818 may be packaged and supplied separately from the tubing set 803, or the

aspiration catheter 818 and the tubing set 803 may be package together and supplied

together. Alternatively, the aspiration catheter 818 and tubing set may be packaged

separately, but supplied together (i.e., bundled). As shown in FIGS. 2 1 and 22. The

aspiration catheter 818 and tubing set 803 share many of the same features as the

aspiration catheter 118 and tubing set 103 of FIG. 4, but are configured to allow easier

separation from each other, and additional procedural adaptability. The aspiration catheter

818 has a distal end 820 comprising a guidewire tube 832 having a distal tip 836, and a

proximal end 819 comprising a y-connector 810. The catheter shaft 842 of the aspiration

catheter 818 is connected to the y-connector 810 via a protective strain relief 856. In other

embodiments, the catheter shaft 842 may be attached to the y-connector 810 with a luer

fitting. The y-connector 810 may comprise a first female luer 851 which communicates

with a catheter supply lumen (as in the catheter 118 of FIGS. 4, 8-1 1), and a second

female luer 855 which communicates with a catheter aspiration lumen (as in catheter 118

of FIGS. 4, 8-1 1).

[0062] Turning to FIG. 23, the tubing set 803 is shown in more detail. A spike

802 for coupling to a fluid source 20 (FIG. 1) allows fluid to enter through extension

tubing 822 and a check valve 826, and into supply tube 830. An optional injection port

828 allows injection of materials or removal of air, as described in relation to previous

embodiments. A cassette 816 is used in conjunction with the pump base 200, and is

similar in structure and function to the cassette 116 in FIGS. 15-16. Fluid is pumped into

injection tube 852 from cassette 816. A male luer 854 is configured to attach to the

female luer 851 of the y-connector 810.

[0063] Returning to FIG. 21, accessories 857 are illustrated that are intended

for applying a vacuum source 22, including a syringe 849 having a plunger 867, to the

catheter 818. The syringe 849 is attached to syringe extension tubing 859 via the luer 865



of the syringe 849. A stopcock 847 may be used to hold maintain the vacuum, or the

plunger 867 may be a locking variety of plunger. A luer 861 of the syringe extension

tubing 859 is connected to an pressure transducer 806, the pressure transducer 806 having

a male luer 863 for connection to a connector (e.g., female luer) 804 of vacuum line 808.

A male luer 853 at the end of the vacuum line 808 may be detachably secured to the

female luer 855 of the y-connector 810 of the aspiration catheter 818. Signals from the

pressure transducer 806 are carried through cable 812 to a connector 814. The connector

814 is plugged into the socket 308 (FIG. 12) of the pump base 200. Pressure related

signals may be processed by the circuit board 304 of the pump base 200. The pressure

transducer 806 may be power from the pump base 200, via cable 812. The accessories

857 may also be supplied sterile to the user.

[0064] In use, the pump base 200 resides outside the sterile field. Because

operation of the pump base 200 may be controlled by the presence or absence of a

pressure, a user who is working in the sterile field may turn the pump on or off without

touching the non-sterile pump base 200. For example, the pump may be started by placing

a vacuum on the system (e.g., pulling the plunger 867 of the syringe 849). The pump may

in turn be stopped by removing the vacuum on the system (unlocking the plunger 867 of

the syringe 849 and allowing to to release, or opening the stopcock 847). The syringe 849

or the combination syringe 849 and stopcock 847 may act as a sterile on/off button of the

pump vase 200. Alternatively, the aspiration catheter 818 may be initially used without

the pump base 200, with only aspiration being applied to the aspiration lumen. If in

certain cases, if the aspiration lumen becomes clogged, the distal end 820 of the aspiration

catheter 818 may be backed off of the thrombus, and the pump base 200 and tubing set

803 may be coupled to the aspiration catheter 818, to then operate with forced saline

injection, for increased aspiration, and clear the aspiration lumen. This will also help stop

any thrombus that is blocking the aspiration lumen from being inadvertently delivered

into the blood vessel of the patient.

[0065] FIGS. 24 and 25 illustrate a saline pump drive unit 400 having a

completely disposable pump head 500. The saline pump drive unit 400 is configured to be

usable with the catheters 16, 118 described herein, or other embodiments of aspiration

systems comprising fluid injection. In FIG. 24, a bottom case 402 and a top case 404

having a label 406 are secured together with screws 408. Contained within the bottom



case 402 and top case 404 are a battery pack 410 and an electronic control module 412. A

battery cover 416 holds the battery pack 410 in place. In some embodiments, the battery

pack 410 may supply a voltage of 18 Volts DC, but systems utilizing other voltages are

possible. A user interface 414 enables operation of the saline pump drive unit. A vacuum

bottle sleeve 418 may be used when a vacuum bottle is incorporated as the vacuum

source 22. A spike 420 is connectable to a fluid source 20, and fluid injectate passes from

the fluid source 20 through extension tubing 422 to a disposable piston pump head 500.

Saline may be primed through the system by an automatic priming ("self-priming")

system described herein in relation to prior embodiments, or may be primed by gravity

from a saline bag that is located (for example on an IV pole) above the rest of the system.

A valve on the lowest portion of the system may be opened in order to prime the entire

system.

[0066] As illustrated in FIG. 25, the disposable piston pump head 500 is

configured to couple to a motor shaft 504 of a motor 502, that is powered by the battery

pack 410 of the saline pump drive unit 400. A motor plate 506 and a main body 508 of

the disposable piston pump head 500 are secured to each other with screws 510, and hold

the internal components of the disposable piston pump head 500. First and second

follower plates 512, 514 are held together with screws 516 and bosses 518 extending

from the first follower plate 512. The first and second follower plates 512, 514 rotatably

hold a cam 520. The cam may be assymetric (as illustrated) or alternatively may be

symmetric. The asymmetry may be incorporated in order to control the amount of noise

in the pump, the contours serving to customize the shape of the pressure wave, and of the

function of the pump. First and second bushings 522, 524 are rotatably held on first and

second pins 526, 528. The pins 526, 528 insert into cylindrical cavities 530, 532 in each

of the follower plates 512, 514.

[0067] In use, a user attaches the disposable piston pump head 500 to the motor

502 of the saline pump drive unit 400 by bringing the motor plate 506 close to the motor

shaft 504 so that a d-shaped hole 534 in the cam 520 can be pressed over the d-shaped

motor shaft 504. Alternatively, the d-shapes may be other non-circular shapes, including,

but not limited to elliptical, oval, or rectangular. In operation the motor 502 turns the

motor shaft 504, which in turn turns the cam 520. The cam 520 turns, forcing the

bushings 522, 524 to push the first and second follower plates 512, 514 back and forth in



a first direction 536 and a second direction 538. A saddle 544 is carried on the second

follower plate 514, and a piston 210 may be coupled to the saddle 544 in the same manner

as described herein with other embodiments. A supply cylinder 552 and an injection

cylinder 554 in the main body 508 are analogous to the supply cylinder 252 and injection

cylinder 254 of the cassette 116 of the system 100. The piston 210 of the cassette 116

may be used in the disposable piston pump head 500. The labelled components related to

the piston 210 in FIG. 25 are similar to those described in relation to the piston 210 in

FIGS. 15 and 16. The outer diameter of the cam 520 may be sized and/or shaped to

control the stroke length of the piston 210 and the amount of pulsatility (i.e., the

difference between the high and low pressure). In some cases, decreasing the stroke

length decreases the amount of pulsatiliy. In applications within the heart, such as

coronary artery applications, lowering the amount of pulsatility can reduce the incidence

of bradycardia. To compensate for a lower stroke length, and to maintain a sufficient total

flow rate, the speed of the rotation of the cam (i.e. rotations per minute), can be increased,

for example by increasing motor output speed, either by gearing or by increased applied

voltage. A vacuum spike 546 is used for coupling to the vacuum source 22, for example a

vacuum bottle held within the vacuum bottle sleeve 418. A vacuum switch valve 540,

which is activated against the bias of a spring 542, may be used to allow pump activation.

For example, the electronic control module 412 may be configured to initiate the

operation of the motor 502 automatically when the vacuum switch valve 540 sends a

signal corresponding to movement of the vacuum switch valve 540,which occurs when a

significant vacuum is achieved. This control may be instead of or in addition to control

from a vacuum pressure transducer, such as pressure transducer 106. The turning on of

the vacuum may thus be used to simultaneously turn on the motor 502, so that a single

input begins the operation of the saline pump drive unit 400. Additionally, a vacuum

source 22 may be controlled by the electronic control module 412 (for example, by

opening or closing a solenoid), when a minimum injectate pressure is measured by an

additional pressure transducer. For example, when a pressure of about 0.62 megapascal

(90 pounds per square inch) or greater is measured, the vacuum may be activated or

communicated to the system. An advantage of the saline pump drive unit 400 is that the

user is required only to assemble a single component onto the shaft 504 of the motor 502.

[0068] As previously described, the systems according to any of the

embodiments of the present invention may be configured such that active flow of saline



(or other) injectate is not possible without concurrent vacuum being applied for

aspiration. Also, the systems may be configured such aspiration is not possible without

saline (or other) injectate flow. The systems according to any of the embodiments of the

present invention may be configured such that current driving the pump (for example the

current driving the motor 302, 502) is monitored, or by any alternative monitoring

method, such that when a change in condition occurs, for example, air in the injection

system, or clogs in any of the catheter lumens or extension tubes, or leaks within the

system, the system shuts down, in order to avoid events such as injection of air into the

blood vessels, or catheter or system failure.

[0069] FIG. 26 illustrates an aspiration catheter 700 inserted within a blood

vessel 165. The aspiration catheter 700 includes a guidewire lumen 702 secured to the

distal end 704 of the aspiration catheter 700 which allows the aspiration catheter 700 to

be tracked over a guidewire 706. A supply lumen 708 is secured within an aspiration

lumen 710. The supply lumen 708 extends through a tapering tube 712. In some

embodiments, the tapering tube 712 may be constructed of polyimide. In some

embodiments, the tapering tube 712 may have a luminal inner diameter that tapers from

its proximal end to its distal end. For example, in some embodiments, the luminal inner

diameter may taper from about 0.3937 mm (0.0155 inches) to about 0.2794 mm (0.01 1

inches). The supply lumen 708 extends generally parallel to the aspiration lumen 710,

however a distal end 714 of the tapering tube 712 curves towards an interior wall surface

716 of the aspiration lumen 710, thus allowing an open end 718 of the supply lumen 708

to act as an orifice for applying a spray pattern 720. The open end 718 of the supply

lumen 708 may further promote a jet or spray effect by having an internal diameter that is

less than about 0.203 mm (0.008 inches). In some embodiments, the open end 718 of the

supply lumen 708 may have an internal diameter that is between about 0.076 mm (0.003

inches) and about 0.102 mm (0.004 inches). The center of the open end 718 orifice may

in some embodiments be about 0.3302 mm (0.013 inches) to about 0.4826 mm (0.019

inches) proximal to the most proximal portion 724 of the open distal end 722 of the

aspiration lumen 710, as illustrated by distance D in FIG. 26. The most distal portion 726

of the open distal end 722 of the aspiration lumen 710 is slightly distal of the most

proximal portion 724 in the embodiment illustrated, and thus has an angled skive, but the

skive angle As is not severe. A skive angle As of between about 75° and about 89°, or

between about 80° and about 85° may be used, in order to allow a large portion of



thrombus being pulled into the open distal end 722 of the aspiration lumen 710 to be

struck by high velocity exiting jet (e.g. saline) flow, as illustrated with the spray pattern

720.

[0070] FIG. 27 illustrates the catheter 700 of FIG. 26 being utilized to deliver a

drug 730 to a target site 732 within a blood vessel 165. The target site 732 may include an

atherosclerotic lesion 728 and/or a thrombus 734. Whereas the aspiration of thrombus, as

in FIG. 26, involves actively applying a vacuum (e.g., from a vacuum source) on the

aspiration lumen 710, the drug delivery illustrated in FIG. 27, though utilizing the same

catheter 700, allows the metering of a fine, precision volume flow rate of drug 730 to be

delivered into the vessel. This is achieved by having significantly less vacuum applied to

the aspiration lumen 710, or no vacuum applied to the aspiration lumen. The precision

metering in small, controlled volumes, provides efficient use of typically expensive drugs,

with minimal wasted drug. In some embodiments, the drug 730 may be delivered at body

temperature. In other embodiments, the drug 730 may be warmed, and delivered at an

elevated temperature, for example, to increase the activity and effectiveness of a drug.

This may be done, for example, to get a more effective dose, with a smaller volume of

drug. In other embodiments, the drug 730 may be cooled and delivered at a reduced

temperature (i.e., in relation to the body temperature). The drug 730 may be cooled to

control the activity level, or to delay the activity of the drug (e.g., so that it is active

downstream, at a location that is not reachable by the catheter 700). In some cases, the

drug 730 may be cooled in order to apply a conjunctive therapeutic cooling effect on the

tissue being treated. In some cases, the therapeutic cooling effect may be achieved from

cooled saline or other aqueous non-drug media alone.

[0071] Some of the drugs 730 which may be delivered include thrombolytic

agents (clot busting drugs), such as streptokinase, tissue plasminogen activator (t-PA),

recombinant or genetically-engineered tissue plasminogen activator, tenecteplase (TNK),

urokinase, staphylokinase, and reteplase. Alternatively, stem cells or "cocktails"

containing stem cells may be delivered. In some cases, glycoprotein inhibitos (GPFs)

may be injected through the supply lumen 708 of the aspiration catheter 700. Saline or

other aqueous solutions may be delivered alone for selective dilution of blood at the target

site 732. In some applications, a solution may be used which is capable of exhibiting a

phase change, for example, when its pressure or temperature is changed. In these



applications, a liquid may be injected that becomes a gas when exiting from a small

orifice, for example at the open end 718 of the supply lumen 708. Alternatively, a gas

may be injected that becomes a liquid when being force through a small orifice, such as

the open end 718 of the supply lumen 708. In any of the applications in which drugs 730

or other materials are injected intravascularly through the catheter 700, the injection of

the drugs 730 or other materials may occur before, during, after, or instead of an

aspiration procedure. Returning to the aspiration catheter 818 of FIGS 21-22, if, during an

aspiration procedure, it is desired to deliver drugs down the supply lumen and into the

vessel, the tubing set 803 may be removed from the aspiration catheter 818 by

disconnecting the male luer 854 of the tubing set 803 from the female luer 85 1 of the

aspiration catheter 818, and the drug may be injected directly into the supply lumen at the

female luer 851, for example, by a syringe or metering system, including a

syringe/syringe pump combination. By also removing the vacuum source from the female

luer 855 of the aspiration catheter 818, when aspiration lumen now serves as an overflow,

so that the fluid being delivered into the patient (e.g., intravascularly) is maintained at a

controlled rate. The volume of the supply lumen is relatively very small, so only a small

volume of drug is needed to fill the supply lumen, and thus reach the distal top of the

aspiration catheter 818. This, at the end of the procedure, very little drug is wasted, or

needs to be disposed, allowing for a very cost-effective procedure.

[0072] In the embodiments described herein, a sterile fluid path is provided

extending all the way from the fluid source 20 to the distal opening 40/open distal end

158 of the catheter 16, 118. In both the embodiments of the system 100 of FIGS. 4-17, the

system 800 of FIGs. 21-23, and the embodiments of FIGS. 24-25, a disposable catheter

and disposable pump set are configured to be supplied sterile, and coupled to a non-sterile

(reusable) pump base 200 or pump motor 502. These combinations allow for reusability

of the more expensive components, and for reusability (and maximized sterility) of the

less expensive components, thus maximizing cost containment and patient safety at the

same time.

[0073] In some cases, parts or all of the devices described herein may be doped

with, made of, coated with, or otherwise include a radiopaque material. Radiopaque

materials are understood to be materials capable of producing a relatively bright image on

a fluoroscopy screen or another imaging technique during a medical procedure. Some



examples of radiopaque materials can include, but are not limited to, gold, platinum,

palladium, tantalum, tungsten alloy, polymer material loaded with a radiopaque filler, and

the like. One or more hydrophilic or hydrophobic lubricious coatings may be used in

order to improve trackability of the aspiration catheter 118 through the blood vessels.

[0074] In some instances, a degree of MRI compatibility may be imparted into

parts of the devices described herein. For example, to enhance compatibility with

Magnetic Resonance Imaging (MRI) machines, it may be desirable to make various

portions of the devices described herein from materials that do not substantially distort

MRI images or cause substantial artifacts (gaps in the images). Some ferromagnetic

materials, for example, may not be suitable as they may create artifacts in an MRI image.

In some cases, the devices described herein may include materials that the MRI machine

can image. Some materials that exhibit these characteristics include, for example,

tungsten, cobalt-chromium-molybdenum alloys (e.g., UNS: R30003 such as ELGILOY®,

PHYNOX®, and the like), nickel-cobalt-chromium-molybdenum alloys (e.g., UNS:

R30035 such as MP35-N® and the like), nitinol, and the like, and others.

[0075] In some instances, some of the devices described herein may include a

coating such as a lubricious coating or a hydrophilic coating. Hydrophobic coatings such

as fluoropolymers provide a dry lubricity. Lubricious coatings improve steerability and

improve lesion crossing capability. Suitable lubricious polymers are well known in the art

and may include silicone and the like, hydrophilic polymers such as high-density

polyethylene (HDPE), polytetrafluoroethylene (PTFE), polyarylene oxides,

polyvinylpyrrolidones, polyvinylalcohols, hydroxy alkyl cellulosics, algins, saccharides,

caprolactones, and the like, and mixtures and combinations thereof. Hydrophilic polymers

may be blended among themselves or with formulated amounts of water insoluble

compounds (including some polymers) to yield coatings with suitable lubricity, bonding,

and solubility.

[0076] In one embodiment of the present invention, a system for aspirating

thrombus includes an aspiration catheter having a high pressure supply lumen and an

aspiration lumen, the supply lumen having a proximal end configured to attach to a piston

pump and a closed distal end, the aspiration lumen having a proximal end configured to

attach to a vacuum source and an open distal end; a first orifice in a side wall of the



supply lumen which communicates directly with the interior of the aspiration lumen, the

first orifice located proximal to the open distal end of the aspiration lumen and adjacent

the closed distal end of the supply lumen; the piston pump configured to generate a cyclic

pressure cycle when attached to the supply lumen, wherein the first orifice creates a spray

pattern at least in conjunction with a peak of the piston pump pressure cycle such that the

spray pattern impinges on an interior wall of the aspiration lumen when a distal end of the

aspiration catheter is immersed within an environment having a temperature of between

about 36°C and 38°C, such that the spray is at an angle of between about 20° in each

direction of the vertical midline of the aspiration lumen.

[0077] In another embodiment of the present invention, a system for aspirating

thrombus includes an aspiration catheter having a high pressure supply lumen and an

aspiration lumen, the supply lumen having a proximal end configured to attach to a piston

pump and a closed distal end, the aspiration lumen having a proximal end configured to

attach to a vacuum source and an open distal end; a first orifice in a side wall of the

supply lumen which communicates directly with the interior of the aspiration lumen, the

first orifice located proximal to the open distal end of the aspiration lumen and adjacent

the closed distal end of the supply lumen; the piston pump configured to generate a cyclic

pressure cycle when attached to the supply lumen, wherein the first orifice creates a spray

pattern at least in conjunction with a peak of the piston pump pressure cycle such that the

spray pattern impinges on an interior wall of the aspiration lumen when a distal end of the

aspiration catheter is immersed within an environment having a temperature of between

about 36°C and 38°C; a disposable cassette having a supply cylinder, an injection

cylinder and a piston, the disposable cassette configured to releasably couple to at least a

motor of the piston pump, the piston configured to actuate into the supply cylinder while

actuating out of the injection cylinder, causing the injection cylinder to increase its

volume of a liquid injectate, the piston further configured to actuate into the injection

cylinder while actuating out of the supply cylinder, causing the injection cylinder to

decrease its volume by injecting the liquid injectate, and causing the liquid injectate to

travel through the supply lumen of the aspiration catheter.

[0078] In another embodiment of the present invention, a system for aspirating

thrombus includes an aspiration catheter having a high pressure supply lumen and an

aspiration lumen, the supply lumen having a proximal end configured to attach to a piston



pump and a closed distal end, the aspiration lumen having a proximal end configured to

attach to a vacuum source and an open distal end; a first orifice in a side wall of the

supply lumen which communicates directly with the interior of the aspiration lumen, the

first orifice located proximal to the open distal end of the aspiration lumen and adjacent

the closed distal end of the supply lumen; the piston pump configured to generate a cyclic

pressure cycle when attached to the supply lumen, wherein the first orifice creates a spray

pattern at least in conjunction with a peak of the piston pump pressure cycle such that the

spray pattern impinges on an interior wall of the aspiration lumen when a distal end of the

aspiration catheter is immersed within an environment having a temperature of between

about 36°C and 38°C; wherein the piston pump includes a supply cylinder, an injection

cylinder and a piston, the piston configured to actuate into the supply cylinder while

actuating out of the injection cylinder, causing the injection cylinder to increase its

volume of a liquid injectate, the piston further configured to actuate into the injection

cylinder while actuating out of the supply cylinder, causing the injection cylinder to

decrease its volume by injecting the liquid injectate, and causing the liquid injectate to

travel through the supply lumen of the aspiration catheter; wherein the piston is

configured to engage with a saddle associated with the piston pump, the saddle

configured for cyclic linear motion, wherein motion of the saddle in a first direction

actuates the piston out of the supply cylinder and motion of the saddle in a second

direction actuates the piston into the supply cylinder.

[0079] In another embodiment of the present invention, a system for aspirating

thrombus includes an aspiration catheter having a high pressure supply lumen and an

aspiration lumen, the supply lumen having a proximal end configured to attach to a piston

pump and a closed distal end, the aspiration lumen having a proximal end configured to

attach to a vacuum source and an open distal end; a first orifice in a side wall of the

supply lumen which communicates directly with the interior of the aspiration lumen, the

first orifice located proximal to the open distal end of the aspiration lumen and adjacent

the closed distal end of the supply lumen; the piston pump configured to generate a cyclic

pressure cycle when attached to the supply lumen, wherein the first orifice creates a spray

pattern at least in conjunction with a peak of the piston pump pressure cycle such that the

spray pattern includes a jet; wherein the piston pump includes a supply cylinder, an

injection cylinder and a piston, the piston configured to actuate into the supply cylinder

while actuating out of the injection cylinder, causing the injection cylinder to increase its



volume of a liquid injectate, the piston further configured to actuate into the injection

cylinder while actuating out of the supply cylinder, causing the injection cylinder to

decrease its volume by injecting the liquid injectate, and causing the liquid injectate to

travel through the supply lumen of the aspiration catheter; wherein a usable volume ratio

Ru between the supply cylinder and the invention cylinder is between about 1.15 and

about 2.00. Additionally, the usable volume ratio Ru may be between about 1.25 and

about 1.85. Additionally, the usable volume ratio Ru may be about 1.40.

[0080] In another embodiment of the present invention a method for delivery of

a drug includes providing a catheter including a supply lumen and an aspiration lumen,

the supply lumen having a distal end, the aspiration lumen configured to couple to a

vacuum source and having an interior wall surface, and an open distal end, an orifice at or

near the distal end of the supply lumen, in fluid communication with the interior of the

aspiration lumen, the orifice located proximally of the open distal end of the aspiration

lumen, wherein the orifice is configured to create a spray pattern when pressurized fluid

is pumped through the supply lumen such that the spray pattern impinges on the interior

wall surface of the aspiration lumen when a distal end of the aspiration catheter is

immersed within an aqueous environment, providing a disposable tubing set having a first

conduit configured to couple the supply lumen of the catheter to a fluid source, and a

pump component associated with the first conduit and configured to detachably couple to

a drive unit, such that motion from the drive unit is transferred to the pump component

such that resultant motion of the pump component causes fluid from the fluid source to be

injected through the supply lumen of the catheter, and through the orifice into the

aspiration lumen, coupling the supply lumen of the catheter to a fluid source, wherein the

fluid source contains at least a first drug for intravascular delivery, inserting the catheter

within a blood vessel of a patient and advancing the catheter to a target site, coupling the

pump component to a drive unit, and operating the drive unit to cause the pump

component to inject at least some of the first drug in the region of the target site.

[0081] It should be understood that this disclosure is, in many respects, only

illustrative. Changes may be made in details, particularly in matters of shape, size, and

arrangement of steps without exceeding the scope of the invention. The scope of the

invention is, of course, defined in the language in which the appended claims are

expressed.



[0082] While embodiments of the present invention have been shown and

described, various modifications may be made without departing from the scope of the

present invention. The invention, therefore, should not be limited, except to the following

claims, and their equivalents. Embodiments of the present invention are contemplated to

have utility in a variety of blood vessels, including but not limited to coronary arteries,

carotid arteries, intracranial/cerebral arteries, inferior and superior vena cavae and other

veins (for example, in cases of deep venous thrombosis), peripheral arteries, shunts,

grafts, vascular defects, and chambers of the heart. This includes, but is not limited to,

any vessel having a diameter of bout two mm or greater. An aspiration catheter 118 outer

diameter of about seven French or less is contemplated for many of the applications,

though in certain applications, it may be larger. In some embodiments, an aspiration

catheter 118 diameter of about six French or less is contemplated. Embodiments of the

present invention may even be used in non-vascular applications, for example body

lumens or cavities having material accumulations that need to be macerated and/or

removed.

[0083] It is contemplated that various combinations or subcombinations of

the specific features and aspects of the embodiments disclosed above may be made and

still fall within one or more of the inventions. Further, the disclosure herein of any

particular feature, aspect, method, property, characteristic, quality, attribute, element, or

the like in connection with an embodiment can be used in all other embodiments set forth

herein. Accordingly, it should be understood that various features and aspects of the

disclosed embodiments can be combined with or substituted for one another in order to

form varying modes of the disclosed inventions. Thus, it is intended that the scope of the

present inventions herein disclosed should not be limited by the particular disclosed

embodiments described above. Moreover, while the invention is susceptible to various

modifications, and alternative forms, specific examples thereof have been shown in the

drawings and are herein described in detail. It should be understood, however, that the

invention is not to be limited to the particular forms or methods disclosed, but to the

contrary, the invention is to cover all modifications, equivalents, and alternatives falling

within the spirit and scope of the various embodiments described and the appended

claims. Any methods disclosed herein need not be performed in the order recited. The

methods disclosed herein include certain actions taken by a practitioner; however, they



can also include any third-party instruction of those actions, either expressly or by

implication.



WHAT IS CLAIMED IS:

1. A system for aspirating thrombus comprising:

an aspiration catheter having a supply lumen and an aspiration lumen, the supply

lumen having a wall and a closed distal end, the aspiration lumen configured to couple to

a vacuum source and having an interior wall surface, and an open distal end;

an orifice in the wall of the supply lumen, in fluid communication with the interior

of the aspiration lumen, the orifice located proximally of the open distal end of the

aspiration lumen and adjacent the closed distal end of the supply lumen, wherein the

orifice is configured to create a spray pattern when pressurized fluid is pumped through

the supply lumen such that the spray pattern impinges on the interior wall surface of the

aspiration lumen when a distal end of the aspiration catheter is immersed within an

aqueous environment; and

a tubing set having a first conduit configured to couple to the supply lumen of the

aspiration catheter to a fluid source, and a pump component associated with the first

conduit and configured to detachably couple to a drive unit, such that motion from the

drive unit is transferred to the pump component such that resultant motion of the pump

component causes fluid from the fluid source to be injected through the supply lumen of

the aspiration catheter, and through the orifice into the aspiration lumen.

2 . The system of claim 1, wherein the aqueous environment has a

temperature of between about 36°C and 38°C.

3 . The system of claim 1, wherein the pump component comprises a piston.

4 . The system of claim 3, wherein the piston is slidably contained within a

supply cylinder and an injection cylinder, the piston configured to actuate into the supply

cylinder while actuating out of the injection cylinder, thus causing the injection cylinder

to increase its volume of fluid supplied from the fluid source, and wherein the piston is

further configured to actuate into the injection cylinder while actuating out of the supply

cylinder, thus causing the injection cylinder to decrease its volume by injecting fluid

supplied from the fluid source into the supply lumen of the aspiration catheter.

5 . The system of claim 4, wherein the piston includes an inner bore having a

one-way valve.

6 . The system of claim 1, wherein the spray pattern is defined by an angle of

between about 1° to about 45° in each direction of the vertical midline of the aspiration

lumen.



7 . The system of claim 6, wherein the spray pattern is defined by an angle of

between about 20° to about 35° in each direction of the vertical midline of the aspiration

lumen.

8. The system of claim 1, wherein a usable volume ratio Ru between the

supply cylinder and the injection cylinder is between about 1.15 and about 2.00.

9 . The system of claim 8, wherein the usable volume ratio Ru between the

supply cylinder and the injection cylinder is between about 1.25 and about 1.85.

10. The system of claim 1, wherein the open distal end of the aspiration lumen

has a most distal portion and a most proximal portion, and wherein an axial center of the

orifice is about 0.3302 mm to about 0.4826 mm proximal to the most proximal portion of

the open distal end of the aspiration lumen.

11. The system of claim 1, further comprising a vacuum-activated interface

configured to cause the drive unit to start to operate or to remain in an operating condition

when a vacuum pressure at the vacuum-activated interface is less than a threshold value,

and configured to cause the drive unit to stop or to remain in a non-operating condition

when the vacuum pressure at the vacuum-activated interface is greater than the threshold

value.

12. The system of claim 11, wherein the vacuum-activated interface comprises

a vacuum switch valve.

13. The system of claim 11, wherein the vacuum-activated interface comprises

a pressure transducer.

14. The system of claim 1, wherein the open distal end of the aspiration lumen

is angled in relation to the longitudinal axis of the aspiration lumen.

15. A system for aspirating thrombus comprising:

an aspiration catheter having a supply lumen and an aspiration lumen, the supply

lumen having a distal end, the aspiration lumen configured to couple to a vacuum source

and having an interior wall surface, and an open distal end;

an orifice at or near the distal end of the supply lumen, in fluid communication

with the interior of the aspiration lumen, the orifice located proximally of the open distal

end of the aspiration lumen, wherein the orifice is configured to create a spray pattern

when pressurized fluid is pumped through the supply lumen such that the spray pattern

impinges on the interior wall surface of the aspiration lumen when a distal end of the

aspiration catheter is immersed within an aqueous environment; and



a tubing set having a first conduit configured to couple the supply lumen of the

aspiration catheter to a fluid source, and a pump component associated with the first

conduit and configured to detachably couple to a drive unit, such that motion from the

drive unit is transferred to the pump component such that resultant motion of the pump

component causes fluid from the fluid source to be injected through the supply lumen of

the aspiration catheter, and through the orifice into the aspiration lumen.

16. The system of claim 15, wherein the supply lumen of the aspiration

catheter extends generally parallel to the aspiration lumen, and wherein the distal end of

the supply lumen curves towards the interior wall surface of the aspiration lumen.

17. The system of claim 16, wherein the distal end of the supply lumen has an

internal diameter that is less than about 0.203 mm.

18. The system of claim 17, wherein the distal end of the supply lumen has an

internal diameter that is between about 0.076 mm and about 0 .102 mm.

19. The system of claim 16, wherein the open distal end of the aspiration

lumen has a most distal portion and a most proximal portion, and wherein an axial center

of the orifice is about 0.3302 mm to about 0.4826 mm proximal to the most proximal

portion of the open distal end of the aspiration lumen.

20. The system of claim 16, wherein the aqueous environment has a

temperature of between about 36°C and 38°C.
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