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DESCRIPTION

Field of the Invention

[0001] The present invention relates to the field of rotational atherectomy devices for removing
plaque and clots that have accumulated on a blood vessel wall. More particularly, the invention
relates to an expandable atherectomy device.

Background of the Invention

[0002] Several methods are currently available to form a channel through a blocked blood
vessel. Initially, a guidewire is used to probe a channel through the blockage in the blood
vessel in order to reach a downstream unblocked blood vessel portion. After the guidewire has
been advanced through the blockage, an angioplasty balloon catheter is passed over the
guidewire and is inflated to dilate the blockage.

[0003] This method is known to succeed in soft or partial blockages of a blood vessel, through
which the guidewire can be easily passed. It carries the risk, however, of causing tears in the
arterial wall due to the diameter of the inflated balloon. Moreover, such methods do not
remove the atheromatous material from the vessel.

[0004] Other methods use catheter devices having a rotating or vibrating tip operated by an
external drive unit or power source, which is coupled to the tip by a flexible drive element, such
as a cable, spring or shaft. Such devices such as disclosed in US 6,818,002 are introduced into
a blood vessel over a guidewire, and the atheroma or blood clot material is shaved from the
wall of the artery and may then be aspirated by the catheter out of the vessel in order to
prevent distal embolization.

[0005] These methods are known to be insufficient to remove all the atheroma or blood clot
material from the blood vessel because of the limited size of the rotating tip. For example, the
diameter of the rotating tip cannot generally be much larger than the diameter of the catheter,
which is usually limited to 1.5-2.5 millimeters. Such devices can form a channel only of this
diameter, regardless of the vessel diameter and the atheroma or blood clot material volume.

[0006] Some rotating catheters having expandable tips in form of baskets or loops that adapt
to the vessel size are known in the prior art, for example US 2002/0010487, US 7,108,704 and
US 2013/0103046. The manufacturing costs and the complexity of such catheters are high and
their shaft diameter is usually relatively large. Moreover, the design of such devices usually
provides poor aspiration capabilities, poor flexibility which limits maneuverability within curved
blood vessels, and the inability to open a total occlusion in a blood vessel whose hardness
prevents the guidewire from passing therethrough.
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[0007] Such prior art devices are introduced into the blood vessel through an introducer
sheath of a guiding catheter, necessitating that the effective cross section of the shaft used for
aspiration will be smaller than the cross section of the introducer sheath or of the guiding
catheter.

[0008] Expandable devices are also disclosed in WO 94/24946, WO 94/08519, US 5,030,201
and US 6,146,396.

[0009] US 7,316,697 discloses a vessel cleaning system for removing an obstruction from
within a patient's vessel. A flexible distal-agitator is connected to the agitator-shaft and shaped
so that it is asymmetrically offset to only one side of the longitudinal axis of the agitator-shaft.
The agitator-shaft is extended from an open distal end of the flexible-tube to break the
obstruction into pieces while rotating with an effective diameter that is larger than its cross-
sectional diameter. The agitator-shaft has difficulty in being introduced to both large and small
sized blood vessels. This device cannot be advanced over a guidewire and cannot open a total
occlusion. It is an object of the present invention to provide an atherectomy device that can be
selectively introduced to both large and small sized blood vessels.

[0010] It is an additional object of the present invention to provide an atherectomy device that
can open a total occlusion and to then permit passage of a guidewire downstream to the
opened occlusion site, for additional atheroma removal.

[0011] Other objects and advantages of the invention will become apparent as the description
proceeds.

Summary of the Invention

[0012] The present invention provides an expandable atherectomy device, comprising a
flexible catheter tube; a guidewire over which the atherectomy device is advanceable and
which is insertable into a blood vessel until its distal end is adjacent to a site of atheromatous
material, said guidewire being introducible through said catheter tube; a rotatably motor-driven
flexible hollow shaft that is slidable over a guidewire introducible through a flexible catheter
tube and is coaxial with the longitudinal axis of said guidewire; an expandable cutting unit
having two longitudinally separated ends, wherein said cutting unit, when expanded, is
eccentrically rotatable about the longitudinal axis to cut and remove atheromous material from
said blood vessel; and an actuator which is operable to induce selective expansion of said
cutting unit.

[0013] Said hollow shaft comprises inner and outer tubular portions that are simultaneously
rotatable by means of the motor while one of said inner and outer tubular portions slides over
the other in a direction substantially parallel to the longitudinal axis in response to an actuated
action of said actuator. Said cutting unit is expandable in response to said actuated action
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while causing said two separated ends of said cutting unit to be brought closer together,
wherein a first of said two ends is connected to a distal end of said inner tubular portion and a
second of said two ends is connected to said outer tubular portion.

[0014] Said inner and outer tubular portions are radially interconnected while rotating
simultaneously by means of a pin attached to said inner tubular portion and by means of a
widthwise edge of a window formed with said outer tubular portion (14) which has a width only
slightly more than said pin.

[0015] In one aspect, the actuator is a longitudinally displaceable adjusting member, to a distal
face of which is connected a seal which is sealingly engaged with the housing body and with
the inner tubular portion, proximal displacement of said adjusting member causing the inner
tubular portion to be displaced in a similar direction, whereby to set the cutting unit to a bowed
configuration.

[0016] In one aspect, the window has a proximal and distal edge, one of said proximal edge
and distal edge being contactable by a pin attached to the inner tubular portion at a
corresponding extreme position of the adjusting member, whereby to limit the longitudinal
displacement of the adjusting member.

[0017] In one aspect, the device further comprises an elastic skirt securable to the cutting unit
ends for ensuring non-traumatic contact with the blood vessel walls.

[0018] In one aspect, the device further comprises a housing body in which the motor for
rotatably driving the hollow shaft is housed, and connection means for connecting the catheter
tube to a distal tip of said housing body, wherein the motor is drivingly engaged with the outer
tubular portion.

[0019] In one aspect, the connection means is a telescopingly expandable adaptor.

[0020] In one aspect, the device further comprises an aspiration system for removal of the
disintegrated atheroma particles which is in communication with the interior of the catheter
tube. The aspiration system may comprise a vacuum pump, a first aspiration line extending
from an annular space between the housing body distal tip and the outer tubular portion to said
vacuum pump, a collection bag to which are drawn the disintegrated atheroma particles, and a
second aspiration line extending from said vacuum pump to said collection bag.

[0021] In one aspect, the device further comprises first and second longitudinally spaced
cutting unit holders that are carried by the hollow shaft at a distal end thereof, wherein the
inner portion is distally longer than the outer portion, and said first and second holders are
connected to a distal region of the inner and outer tube tubular portions, respectively.

[0022] In one aspect, the device further comprises a drill unit connected to, and distally
protruding from the distal end of the hollow shaft, for drilling a chronic total occlusion present in
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the lumen of the blood vessel, said drill unit configured with an outer annular wall comprising a
proximal portion of a uniform diameter which is configured with a cavity wall to which the outer
portion of the hollow shaft constituting the eccentrically rotatable and expandable cutting unit is
connected, and with a tapered distal portion whose diameter gradually decreases from an
interface with said proximal portion to a distal edge of said distal portion; a spiraled end face a
distance to which from a straight proximal edge of said proximal portion gradually increases
from a first end face edge to a maximum value at a second end face edge which constitutes a
single cutting edge and which is discontinuous with respect to said first end face edge; a bore
provided centrally with said end face for accommodating the guidewire; and peripheral
rounded edges surrounding said end face that circumferentially and spatially extend to said
distal edge of said distal portion to ensure that all surfaces of the drill unit, with the exception of
said cutting edge, are rounded and atraumatic to the blood vessel.

[0023] In one aspect, the drill unit is also configured with a rounded transitional surface
bordering the cutting edge and a portion of the end face and radially extending into the bore to
define a cutting edge disposition which is oblique with respect to a plane perpendicular to the
proximal edge.

[0024] In one aspect, the cutting unit is formed integrally with the outer tubular portion.

[0025] In one aspect, the cutting unit has a straight configuration substantially parallel to the
longitudinal axis when set to a collapsed condition and an arcuate bowed configuration when
set to an expanded condition.

[0026] In one aspect, the cutting unit is wound about, and positioned obliquely with respect to,
the longitudinal axis.

[0027] In one aspect, the outer tubular portion is configured by a plurality of elongated
elements wound about the longitudinal axis such that more than one of said plurality of
elongated elements are longer than the other elongated elements that do not distally extend
beyond the outer tubular portion and each two adjacent elongated elements of said plurality of
elongated elements are connected together, said more than one longer elements functioning
as the cutting unit when the distal ends thereof are connected to the distal end of the inner
tubular portion.

[0028] In one aspect, the outer tubular portion is connected to the inner tubular portion by
discontinuously applied laser welding.

[0029] In one aspect, the cutting unit is selectively and gradually actuatable until its diameter
approximates the diameter of the blood vessel at the site of an atheroma, to maximize
atheromatous material removal.

[0030] In one aspect, the atherectomy device is advanceable over a guidewire inserted within
the blood vessel while the cutting unit is in a collapsed condition until a distal end of the device
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protrudes from a catheter tube and is adjacent to the atheroma.

[0031] In one aspect, the removed material is aspiratable through the lumen of the catheter
tube upon activation of an aspiration system.

[0032] In one aspect, the catheter tube is replaceable in order to access a different sized blood
vessel.

Brief Description of the Drawings

[0033] In the drawings:

e Fig. 1 is a partial longitudinal cross section of an atherectomy device shown in a
collapsed condition, according to one embodiment of the present invention;

e Fig. 2 is an enlargement of Fig. 1, showing a distal portion of the atherectomy device of
Fig. 1 including a cutting unit;

» Fig. 3 is a longitudinal view of the distal portion of the atherectomy device of Fig. 1,
showing an elastic skirt that covers and surrounds the cutting unit of Fig. 2;

» Fig. 4 is an enlargement of Fig. 1, showing a proximal portion of the atherectomy device
including an aspiration system;

e Fig. 5 is a partial longitudinal cross sectional view of the atherectomy device of Fig. 1,
shown in an expanded condition;

e Fig. 6 is a longitudinal view of the distal portion of the atherectomy device of Fig. 5,
showing the skirt of Fig. 3 when stretched;

» Fig. 7 is an enlargement of Fig. 5, showing a proximal portion of the atherectomy device;

e Fig. 8 is a longitudinal cross sectional view of a distal cutting unit holder;

» Fig. 9 is a perspective view of the distal end of an atherectomy device according to
another embodiment of the invention;

e Fig. 10 is a perspective view of the distal end of an atherectomy device according to
another embodiment of the invention;

e Fig. 11 is a perspective view of the outer tubular portion of a coaxial hollow shaft
according to another embodiment of the invention;

» Fig. 12 is a perspective view of the distal end of an assembled atherectomy device
employing the outer tubular portion of Fig. 11, shown in a collapsed condition;

» Fig. 13 is a perspective view of the distal end of the atherectomy device of Fig. 12,
shown in an expanded condition;

e Fig. 14 is a picture of the atherectomy device shown in Fig. 12;

» Fig. 15 is a picture of the atherectomy device shown in Fig. 13;

e Fig. 16 is a longitudinal cross section of a guidewire introduction unit, shown in an open
position;

» Fig. 17 is a longitudinal cross section of the guidewire introduction unit of Fig. 16, shown
in a starting position;

» Fig. 18 is a longitudinal cross section of the guidewire introduction unit of Fig. 16, shown
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in a working position;

» Fig. 19 is a longitudinal cross section of the guidewire introduction unit of Fig. 16, shown
in a closed position;

» Fig. 20 is a longitudinal cross sectional view of a telescopingly expandable adaptor,
shown in an extended condition;

o Fig. 21 is a longitudinal cross sectional view of the adaptor of Fig. 20, shown in a
retracted condition;

e Fig. 22 is a longitudinal cross sectional view of a catheter tube side arm fitted in a
section of the adaptor of Fig. 20;

» Fig. 23 is an illustration of a pattern formed by a micro-laser cutting technique;

e Fig. 24 is a picture of an outer tubular portion produced from the pattern of Fig. 23;

» Fig. 25 is an illustration of a pattern formed by a micro-laser cutting technique;

» Fig. 26 is a picture of an outer tubular portion produced from the pattern of Fig. 23;

o Fig. 27 is an illustration of another pattern formed by a micro-laser cutting technique;

» Fig. 28 is a perspective view of the distal end of an atherectomy device, shown in a
collapsed condition;

o Fig. 29 is a perspective view of the distal end of the atherectomy device of Fig. 28,
shown in an expanded condition;

e Fig. 30 is an exemplary method for removing atheroma;

» Fig. 31 is a front view of the distal end of an atherectomy device according to another
embodiment of the invention, provided with a drill unit and a stress relief unit;

o Figs. 32 and 33 are two perspective views of the drill unit of Fig. 31, respectively, each
taken at opposite sides thereof;

e Fig. 34 is a longitudinal cross sectional view of the drill unit of Fig. 32;

o Fig. 35 is a longitudinal cross sectional view of Fig. 31; and

» Fig. 36 is an exemplary method for drilling a hole in a total occlusion.

Detailed Description of Preferred Embodiments

[0034] The atherectomy device of the present invention comprises a tube embodied by a
motor-driven coaxial flexible hollow shaft that is slidable over a guidewire. The coaxial flexible
hollow shaft includes inner and outer tube layers that rotate simultaneously while sliding one
over the other in a direction parallel to the longitudinal axis of the shaft.

[0035] Two ends of a flexible cutting unit for removing the atheroma or blood clot from the
interior of the blood vessel are connected to the distal end of the inner and outer layers,
respectively. An adjusting member is provided for selectively expanding the flexible cutting unit
away from the longitudinal axis of the shaft, typically by controlled retraction of the inner layer
by sliding movement inside the outer layer. Retraction of the inner layer brings the ends of the
flexible cutting unit together, thus causing the strip to bow outwardly away from the longitudinal
axis of the shaft and enlarging the area encompassed by the flexible cutting unit. The
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expanded cutting unit facilitates disintegration and removal of the atheroma from the blood
vessel when rotating. A skirt securable to the cutting unit ends ensures non-traumatic contact
with the blood vessel walls.

[0036] Broadly speaking, atheroma may be removed by manipulating the device of the present
invention according to the exemplary method set forth in Fig. 30. Firstly, the physician selects
in step 210 the diameter of a catheter tube within which the hollow shaft is disposed, in
accordance with the diameter of a given blood vessel. The guidewire is then inserted into the
blood vessel in step 220 until its distal end is adjacent to the site of the atheromatous material.
The atherectomy device is then advanced over the guidewire in step 230 while the cutting unit
is in the collapsed condition, until the distal end of the device protrudes from a catheter tube
and is adjacent to the atheroma. After the motor is activated in step 240, the hollow shaft is
rotated. While the hollow shaft is rotating, the cutting unit is caused to expand in step 250 by
means of a suitable actuator to asymmetrically cut and remove the atheromatous material from
the walls of the blood vessel in step 260. The cutting unit may be selectively and gradually
actuated until its diameter approximates the diameter of the blood vessel at the site of the
atheroma, to maximize atheromatous material removal. The removed material is aspirated
through the lumen of the catheter tube upon activation of an aspiration system in step 270.

[0037] When it is desired to perform an atheroma removal operation within a narrow blood
vessel, the catheter tube is easily replaced in step 280 while the diameter of the hollow shaft
remains the same, allowing an operator to choose between accessibility into a narrow blood
vessel or improved aspiration capabilities through a large diameter catheter tube.

[0038] Fig. 1 illustrates a partial longitudinal cross section of an expandable atherectomy
device, generally indicated by numeral 50, according to one embodiment of the present
invention. The flexible cutting unit 19 is shown in a collapsed condition.

[0039] Atherectomy device 50 comprises a flexible rotatable hollow shaft 13, which is received
within the interior of an elongated and percutaneously introducible, flexible catheter tube 17,
e.g. made of plastic. Hollow shaft 13 comprises a proximal relatively rigid portion consisting of
outer tubular portion 14 and inner tubular portion 16, and a distal relatively flexible portion
consisting of outer tubular portion 14A and inner tubular portion 16A (see Fig. 4). Guidewire 10
in turn is received within the interior of hollow shaft 13 by means of introduction unit 150. The
proximal end of catheter tube 17 is connected to a distal portion of catheter body 8, within
which is housed a motor 11 for driving hollow shaft 13. Two longitudinally spaced cutting unit
holders 20 and 21 are carried by hollow shaft 13, at a distal end thereof. An aspiration system
40 for removal of the disintegrated atheroma particles is in communication with the interior of
catheter tube 17.

[0040] Fig. 2 is an enlargement of Fig. 1, showing a distal portion of atherectomy device 50,
which is introducible within a blood vessel. The relatively flexible portion of the coaxial flexible
hollow shaft comprises a closely-wound spiral outer tubular layer 14A and an inner tubular
layer 16A, received within the interior of flexible catheter tube 17. Alternatively, one or both of
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the inner tube and outer tube may be made of one or more wires or strips formed together.

[0041] Spiral components that can be suitable for the present invention can be made of
stainless steel or Nitinol and include the ACTON series of cable tube type FLAT or STD made
by Asahi Intecc (Asahi Intecc Co. Ltd., Japan), or the HSS® series of tubes made by Fort
Wayne Metals (Fort Wayne, Indiana). The one or more wires or strips that are formed together
to define this closely-wound spiral or tube may all have the same diameter, or alternatively,
some wires or strips may have a larger diameter than others, thereby forming a coaxial flexible
hollow shaft with round or elliptical outer contour and a closely rounded internal lumen. The
spiral components may assume a screw shape to assist in conveying the disintegrated
material.

[0042] Nitinol, or any other selected material for use during an atheroma removal operation,
may be applied only at or near the distal end of the hollow shaft, for increased savings.

[0043] A distal portion of the outer tubular layer 14A may be welded to the proximal cutting unit
holder 20 at a proximal and radially inward seat 60 thereof. The inner tubular layer 16A is
longer than the outer tubular layer and may be welded to the distal cutting unit holder 21 at
weld point 30 along its proximal, substantially planar edge thereof. The guidewire 10 extends
through the interior of cutting unit holders 20 and 21 while contacting the inner tube 16A.

[0044] The flexible cutting unit 19 for removing the atheroma extends between cutting unit
holders 20 and 21, generally parallel to the longitudinal axis of the shaft, and is shown to
consist of two strip portions 19a and 19b, although it may be comprised of a single strip
portion. The flexible cutting unit may be made of any type of any suitable flexible material, such
as plastic, elastic material, metal and shape memory metal, including the material from which
outer tubular layer 14A and inner tubular layer 16A are made. A slack elastic skirt 18 that
covers and surrounds the flexible cutting unit between cutting unit holders 20 and 21 has a
sleeve shape, and is shown in its entirety in Fig. 3.

[0045] Disintegrated atheroma particles are removable by the aspiration system through the
gap 28 formed between outer tubular layer 14A of the coaxial shaft and catheter tube 17.

[0046] Fig. 4 is an enlargement of Fig. 1, showing a proximal portion of atherectomy device
50, which is generally disposed externally to a patient's body.

[0047] Cather tube 17 is connected to the distal tip of catheter body 8 by schematically
illustrated connection means 131, which may be a flexible shaft connector, a regular Luer lock
type connector, or any other suitable connector. Connection means 131 may be detachable, to
allow catheter tube 17 to be replaced by one of a different diameter, depending on the size of
the given blood vessel to be treated. The aspiration system 40 comprises a miniature vacuum
pump 6 and a collection bag 1, to which are drawn the disintegrated atheroma particles via first
aspiration line 2 extending from the annular space between the distal narrowed tip of catheter
body 8 and outer tubular portion 14 to vacuum pump 6, and second aspiration line 22
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extending from vacuum pump 6 to collection bag 1. Battery unit 4 having a switch 5 powers
both vacuum pump 6 and motor 11. The aspiration system may also assume the configuration
shown in Fig. 22.

[0048] Motor 11 connected to battery unit 4 by wires 205 and 206 is housed within chamber 23
of catheter body 8 between distal seal 12 and intermediate seal 134, which are fixed and
through which tubular portions 14 and 16 of the hollow coaxial shaft pass. Motor 11, which is
sealed by fixed seals 12 and 134 and by displaceable seal 135, is drivingly engaged with outer
tubular portion 14.

[0049] A longitudinally displaceable adjusting member 9 for initiating selective expansion of the
flexible cutting unit, the structure of which will be described hereinafter, is fitted within catheter
body 8. A seal 135 connected to the distal face of adjusting member 9 is sealingly engaged
with the inner wall of catheter body 8. The proximal end of inner tubular portion 16 is
connected by adhesion or laser welding to rotating bearing 132, which is seated in a
complementary cavity 141 formed in adjusting member 9 (see Fig. 16) and in contact with the
proximal face of seal 135. This arrangement allows inner tubular portion 16 to be longitudinally
displaced together with adjusting member 9 in or out of catheter body 8 while simultaneously
rotating.

[0050] The relatively rigid outer tubular portion 14 is connected by laser welding 50 to the
relatively flexible outer tubular portion 14A, and the relatively rigid inner tubular portion 16 is
connected by laser welding to the relatively flexible inner tubular portion 16A.

[0051] Shrinkage may be prevented by discontinuously applying laser welding, for example at
predetermined intervals.

[0052] Since the outer tubular layer is not longitudinally displaceable and is connected to
proximal cutting unit holder 20, and the inner tubular layer connected to both distal cutting unit
holder 21 and rotating bearing 132 is longitudinally displaceable, proximal displacement of
adjusting member 9 reduces the spacing between cutting unit holders 20 and 21 and causes
the flexible cutting unit 19 to bow outwardly and expand, as shown in Fig. 5, while the elastic
skirt 18 surrounding the flexible cutting unit is forced to stretch to a sort of sail or omega shape
and become elongated, as shown in Fig. 6. Conversely when adjusting member 9 is distally
displaced, cutting unit holders 20 and 21 are caused to be separated by a maximum extent, so
that the expanded cutting unit 19 is forced to collapse and straighten so as to be substantially
parallel to the longitudinal axis of guidewire 10, as shown in Fig. 1.

[0053] To limit the longitudinal displacement of adjusting member 9, relatively rigid outer
tubular portion 14 is formed with a long and narrow window 31 that may be positioned within
the confines of motor chamber 23. Within the interior of window 31 a pin 7 welded or otherwise
attached to relatively rigid inner tubular portion 16 is allowed to change its position without
interference while adjusting member 9 is being longitudinal displaced. However, when pin 7
contacts one of the lower and upper edges of window 31, as shown in Figs. 4 and 7,
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respectively, at a corresponding extreme position of adjusting member 9 and of inner tubular
portion 16 connected thereto, additional longitudinal displacement is a same direction is
prevented. The width of window 31 is slightly more than the width of pin 7, so that when outer
tubular portion 14 is rotating and pin 7 is in contact with a window edge, inner tubular portion
16 is caused to rotate as well.

[0054] Fig. 8 illustrates the structure of distal cutting unit holder 21. The proximal planar edge
of cutting unit holder 21 is welded to inner tubular portion 16A at point 30.

[0055] The distal end 35 of cutting unit holder 21 may be rough and abrasive in order to
improve penetration into hard materials, produced by surface treatment or by an applied layer
such as diamond grains. For this embodiment, the flexible cutting unit 19 may be a flexible wire
such as Nitinol wire, plastic wire or any other suitable flexible material, and its distal end may
be fixed within a bore formed in cutting unit holder 21. This bore is preferably not parallel to the
longitudinal axis of guidewire 10, but rather is formed at an angle thereto in order to urge
flexible cutting unit 19 to bow outwardly, i.e. away from guidewire 10. This angular bore
positioning is also applicable to the proximal end of the flexible cutting unit 19.

[0056] Figs. 20-22 illustrate an adjustable adaptor for use to compensate for a difference in
length between the catheter tube and hollow shaft.

[0057] A telescopingly expandable adaptor 506 is shown in an extended condition in Fig. 20
and in a retracted condition in Fig. 21. Adaptor 506 comprises a plurality of sections, e.g.
sections 500 and 501, having a gradually increasing width to provide a telescoping capability.
The most proximally disposed section 500 is connected by connection means 131, e.g. a Luer
connector, to the distal tip 25 of catheter body 8. The sections are in sliding contact with each
other when being retracted in order to set adaptor 506 to a desired length. The most distally
disposed section 501 is formed with an opening 551 in which catheter tube side arm 502
shown in Fig. 22 can be fitted. Section 501 has a distal angled element 512 defining an
opening 516 through which the catheter tube can extend.

[0058] In the arrangement shown in Fig. 22, side arm 502 of catheter tube 510 is fitted in the
opening of adaptor section 501. This arrangement allows hemostasis valve 503 operatively
connected to side arm 502 to be received in the interior of section 501 and catheter tube 510
to extend distally below hemostasis valve 503. Hemostasis valve 503, which may be formed
with a central opening in order to accommodate the disposition of hollow shaft 13 extending
distally within the lumen 504 of catheter tube 510, may be actuated by an external control
device to initiate hemostasis for a portion of the blood vessel to which catheter tube 510 is
guided.

[0059] By providing first aspiration line 2 with a three-way stopcock valve 505 which is
controlled by an actuator, aspiration of disintegrated particles may be directed through side
arm 502. For example, vacuum pump 6 may be sufficiently operated when stopcock valve 505
is opened to draw the disintegrated particles through the lumen 504 of catheter tube 510.
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During aspiration of the disintegrated particles, stopcock valve 505 may be suddenly actuated
to occlude first aspiration line 2, whereupon the particles are discharged through side arm 502
to arm portion 516 with which stopcock valve 505 is also operatively connected, and then to
vacuum pump 6 and collection bag 1.

[0060] Fig. 9 illustrates the distal end of an atherectomy device 70 according to another
embodiment. In this embodiment, the flexible cutting unit 79 is produced by micro-laser cutting
of a tube 71. The distal end of tube 71 is connected to the distal end of inner tubular portion
16A, and the proximal end of tube 71 is connected to the distal end of outer tubular portion
14A. Flexible cutting unit 79 may be provided with additional supports cut from a tube 52, in
similar fashion to the struts used in stents, to facilitate bowing of flexible cutting unit upon
proximal displacement of adjusting member. The aspiration of the removed disintegrated
particles is through the annular space 28 between outer tubular portion 14A and catheter tube
17.

[0061] Fig. 10 illustrates the distal end of an atherectomy device 80 according to another
embodiment. In this embodiment, the flexible cutting unit 89 is configured by a flexible wire, or
by a strip of metal or plastic, which is attached to distal cutting unit holder 81. Distal cutting unit
holder 81 is connected to the distal end of inner tubular portion 16A and to proximal cutting unit
holder 83, which is connected to the distal end of outer tubular portion 14A. Cutting unit
holders 81 and 83 may have an elliptical cross section.

[0062] Figs. 28 and 29 illustrate the distal end of an atherectomy device 650 which does not
form part of the invention, but represents background art that is useful for understanding the
invention. The cutter unit 619 is made of a shape-memory alloy such as Nitinol which, when
heated, will change shape and outwardly bow.

[0063] In Fig. 28, cutter unit 619, connected to, or is integral with, holders 620 and 621
through which guidewire 10 passes, is shown to be in a collapsed condition when subjected to
the low temperature, or Martensite phase, of approximately less than 37°C. Heating member
600 e.g. nickel-chrome (Ni-Cr) wire or strip, is twisted around cutter unit 619, but may also be
attached to one of the sides of the cutter unit. In order to provide electrical isolation and good
heat transmission, heating member 600 may be coated with a silicone layer or a polymer layer,
e.g. Parylene. The ends of heating member 600 are connected to outer tubular portion 614,
which is made of conductive material, e.g. wires made of a stainless steel (Stst) or Nitinol alloy,
and in turn is connected to an external electrical power source. Alternatively, additional wires
may be connected from the heating member to the power source.

[0064] In Fig. 29, cutter unit 619 is shown to be in an expanded condition, after electrical
power has been supplied to heating member 600. Heating member 600 is operable to cause
cutter unit 619 to be heated at least 2-10 °C, so as to be subjected to the high temperature, or
the Austenite phase, for inducing a change in shape of cutter unit 619. The local temperature
of cutter unit 619, which is sufficiently high to ablate atheroma, will remain substantially
constant by supplying a controlled current. Once the flow of current is terminated, cutter unit
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619 will cool down to the blood temperature and will return to the Martensite phase and to its
original straight shape.

[0065] Figs. 11-15 illustrate another embodiment wherein the cutting unit is formed integrally
with the outer tubular portion.

[0066] As shown in Fig. 11, outer tubular portion 94 of the coaxial hollow shaft, which passes
through catheter tube 17, is configured by a plurality of elongated elements 97, e.g. wires or
strips, tightly wound about the longitudinal axis such that each two adjacent elongated
elements are connected together and each elongated element is positioned obliquely with
respect to the longitudinal axis. The hollow shaft distal end is formed in such a way that four
elongated elements 97a-d, or any other suitable number, are longer than the other elongated
elements that do not distally extend beyond outer tubular portion 94, so that elements 97a-d
can function as the flexible cutting unit 99.

[0067] Fig. 12 illustrates the distal end of atherectomy device 90 in a collapsed condition. Inner
tubular portion 96 of the coaxial hollow shaft is shown to longitudinally extend internally to both
outer tubular portion 94 and flexible cutting unit 99. The length of cutting unit 99, i.e. distally of
inner tubular portion 96, is L1 and its diameter is D1.

[0068] As shown in Fig. 14, the distal ends of cutting unit 99 are connected to the distal end of
inner tubular portion 96 at connection point 102, e.g. a welding point.

[0069] Figs. 13 and 15 illustrate the distal end of atherectomy device 90 in an expanded
condition. In this embodiment, expansion of cutting unit 99 is achieved by proximally displacing
the adjusting member, causing the distal end 95 of outer tubular portion 94 and the fixed distal
end 103 of cutting unit 99 to be brought together. When the length of cutting unit 99 is reduced
to L2, the elongated elements 97 flex to achieve an expanded diameter of D2. An elastic skirt
may cover cutting unit 99. The aspiration of disintegrated material may be directed through the
annular space between catheter tube 17 and outer tubular portion 94.

[0070] In the embodiment of Figs. 31-35, the distal end of atherectomy device 300 is provided
with an atraumatic drill unit 360 and with a stress relief unit 380.

[0071] As shown in Fig. 31, stress relief unit 380 is positioned proximally with respect to drill
unit 360, and hollow shaft 313 extends between drill unit 360 and stress relief unit 380.

[0072] Reference is now made to Figs. 32 and 33, which illustrate two perspective views of drill
unit 360, each taken at opposite sides thereof. Drill unit 360 has an outer annular wall
comprising a proximal portion 310 of a uniform diameter on the order of 1 mm, e.g. an outer
diameter of 1.16 mm and an inner diameter of 0.94 mm, and a tapered distal portion 315
whose diameter gradually decreases from the interface 311 with proximal portion 310 to its
distal edge 319. A plurality of access holes 322 substantially perpendicular to the longitudinal
axis of drill unit 360 are formed in proximal portion 310. Access holes 322 serve as openings
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through which the hollow shaft is able to be welded to the drill unit, for example by laser
welding.

[0073] Drill unit 360, which may be made of stainless steel, has a spiraled end face 345, the
distance to which from straight proximal edge 301 of drill unit 360 gradually increases, from a
first end face edge 346 to a maximum value at second end face edge 348 constituting the
single cutting edge. A surface 359, which may be configured by a substantially planar distal
portion that may be substantially perpendicular to proximal edge 301 and by a concave
proximal portion, defines the discontinuity between first edge 346 and second edge 348 and
the resulting tooth height, which may range from 0.1-0.4 mm, e.g. 0.2 mm.

[0074] End face 345 has a central bore 350 for accommodating passage therethrough of the
guidewire. A rounded transitional surface 356, which borders cutting edge 348 and a portion of
end face 345, extends radially inwardly to bore 350 and is specially formed to define an oblique
cutting edge disposition ranging from 15-25 degrees, e.g. 20 degrees, with respect to a plane
perpendicular to proximal edge 301. Peripheral rounded edges 353 and 354 surrounding end
face 345 circumferentially and spatially extend to the distal edge 319 of distal portion 315, to
ensure that all surfaces of drill unit 360, with the exception of cutting edge 348, are rounded
and atraumatic to a blood vessel when the atherectomy device is advanced over the guidewire.

[0075] As shown in the longitudinal cross sectional view of Fig. 34, a cylindrical recess is
formed within the interior face 341 of drill unit 360, to define a cavity 337 having a cavity wall
339 for retaining the hollow shaft. Cavity 337 is formed from proximal edge 301 to a portion
slightly proximally to interface 311.

[0076] Fig. 35 illustrates a longitudinal cross sectional view of Fig. 31. Hollow shaft 313 is
shown to comprise tubular inner portion 314 and outer portion 316 in the form of a set of wires,
e.g. three wires, which is wound about tubular inner portion 314. Prior to connection with drill
unit 360, the distal end of inner portion 316 is connected to outer portion 314 of the hollow
shaft at weld point 371. After the distal end of hollow shaft 313 is positioned within cavity 337
(Fig. 34), inner portion 316 is connected to cavity wall 339 at weld point 374 via access hole
322a and outer portion 314 is connected to cavity wall 339 at weld points 376 and 377 via
access holes 322b and 322c, respectively.

[0077] Stress relief unit 380 is in the form of a hollow tube 383, with which inner portion 314 is
in movable engagement. While inner portion 314 extends to the motor for rotatably driving the
hollow shaft, outer portion 316 is considerably shorter and extends only to the distal end 386 of
stress relief unit 380. The proximal end of outer portion 316 is connected to inner face 389 of
tube 383 by weld point 389.

[0078] When inner portion 314 is proximally displaced by means of the adjusting member, its
distal end approaches its proximal end, allowing the inner portion to expand in order to remove
atheromatous material upon operation of the motor. By virtue of the angular disposition of
outer portion 316 with respect to the longitudinal axis of inner portion 314, the inner portion is
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configured to expand eccentrically. If so desired, the inner portion may be configured to
expand concentrically. Considerable stress is relieved during a material removal operation by
having the ends of the inner portion welded distant from the point of material removal.

[0079] The distance to which the inner portion is proximally displaced may be limited by means
of a spacer fitted on the inner portion, for example in abutment with distal end 386 of stress
relief unit 380.

[0080] Atherectomy device 300 allows for more efficient removal of atheromatous material by
being provided with drill unit 360. For more common types of blood vessel occlusions
characterized by accumulation of atheromatous material on only the walls of the blood vessel
while the remaining blood vessel remains unobstructed, rotation of drill unit 360 accompanying
rotation of hollow shaft 313 does not effect any material removal.

[0081] Following observation of a chronic total occlusion (CTO), for example by radiopaque
observation, within a blood vessel, or of an occlusion to a lesser degree, operation of the
motor, for example at a speed of 5000 rpm or more, will cause the drill unit to rotate and the
cutting edge to remove atheromatous material from the blood vessel lumen. Repeated
proximal and distal movement of the rotating drill unit will also contribute to the disintegration of
the hard atheromatous material that has accumulated during conditions of a CTO. The drill unit
may be operated when the cutting unit is not expanded.

[0082] It will be appreciated that one or both of the drill unit and the stress relief unit may be
employed in any other embodiment described herein.

[0083] With reference now to Fig. 36, a drilling operation is performed after identifying the
presence of a CTO in step 238. While the guidewire is extended to, but upstream from, the
CTO, the motor for rotating the hollow shaft is activated in step 240. Since the drill unit is
connected to the hollow shaft, the drill unit is caused to rotate and to drill a hole in step 242
within the CTO which is sufficiently large to permit passage therethrough of the guidewire and
then of the collapsed cutting unit. After the guidewire is extended downstream from the opened
CTO site in step 244, the cutting unit is advanced over the extended guidewire to a selected
atheroma location in step 246, whereupon the cutting unit is expanded in step 250. The other
steps are the same as in Fig. 30.

[0084] Figs. 23-27 illustrate another embodiment wherein the hollow shaft is produced by
micro-laser cutting of a tube, so that it will be afforded good flexibility with excellent torque
transmission characteristics. In this embodiment, the cutting unit is also produced by micro-
laser cutting, and is formed integrally with the outer tubular portion.

[0085] Three exemplary cutting patterns 1001, 1002 and 1003 are shown in Figs. 23, 25 and
27, respectively, while the flexible cutting unit 1019 is integrally formed with the outer tubular
portion 1014. The inner tubular portion may also be produced with similar patterns. Expansion
of cutting unit 1019 is made possible by attaching its distal end to the inner tubular portion, or



DK/EP 2941209 T3

to a holder connected to the inner tubular portion.

[0086] Figs. 24 and 26 are pictures of two outer tubular portions 1014 produced with patterns
1001 and 1002, respectively.

[0087] The flexible outer and inner tubular portions of the hollow shaft may also be produced
by cutting a spiral cut along the wall of a tube according to conventional laser cutting
techniques.

[0088] Reference is now made to Figs. 16-19, which illustrate the operation of guidewire
introduction unit 150 adapted to cooperate with adjusting member 9. The hollow shaft has
been removed, for clarity.

[0089] Guidewire introduction unit 150 comprises a seal compression initiator 110 and a split
seal 111, e.g. made of rubber, which is compressible by initiator 110. Compression initiator 110
has an annular inner planar guidewire contactable wall 113, an outer wall 114 contactable with
a proximal, longitudinally extending flange 124 of adjusting member 9, and a cross element
116 extending between walls 113 and 114.

[0090] Adjusting member 9 has a main body 137 that is receivable in catheter body 8 (Fig. 4)
and of a similar shape, e.g. rectilinear in longitudinal cross section. A central passageway 139
through which guidewire 10 and the hollow shaft are introducible is formed in adjusting
member 9. Passageway 139 is formed with a conical section 109 that is more narrowed near
proximal surface 143 of the adjusting member, for guiding the guidewire tip into introduction
unit 150. Seal 135 for engaging the hollow shaft and the inner face of the catheter body is
attached to the distal face of adjusting member 9.

[0091] A recess for accommodating the displacement of wall 114 is formed at the proximal
outer surface of adjusting member 9, defining flange 124, which extends significantly beyond
planar proximal surface 143. A seal section 111 is attached to the corresponding inner face
portion of flange 124.

[0092] Fig. 16 illustrates a cross section of introduction unit 150 in an "OPEN" position,
whereby inner wall 113 thereof is in abutting relation with seal 111 to cause the latter to
become laterally compressed, forming an opening 119 that adjoins central passageway 139. A
compressing force is applied, during distal displacement of the seal compression initiator 110
when inner wall 114 slides along flange 124, by inner wall 113 onto seal 111 in the vicinity of
the interface of the seal sections, to produce the central opening 119.

[0093] In Fig. 17, introduction unit 150 is shown in a "STARTING position, after guidewire 10
has been introduced within central opening 119 and is in abutment with inner wall 113.

[0094] In Fig. 18, introduction unit 150 is shown in a "WORKING" position whereby initiator 110
is proximally displaced with respect to adjusting member 9 and separated from seal sections
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111. The seal sections 111 are therefore caused to be in sealing engagement with guidewire
10, to prevent ingress of air and liquids from one side of seal 111 to the other while the
guidewire is passing through. While introduction unit 150 is in the "WORKING" position,
adjusting member 9 is able to be longitudinally displaced with respect to the catheter body.

[0095] When the guidewire is removed from the atherectomy device and introduction unit 150
is in a "CLOSED" position, as shown in Fig. 19, the seal sections 111 are in contact with each
other to prevent ingress of air and liquids from one side of the seal to the other.
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Patentkrav

1. Ekspanderbar atherektomiindretning (50, 70, 80, 90, 300)

omfattende:

et fleksibelt kateterrer (17);

en guidetrad (10), over hvilken indretningen kan be-
veges fremad, og som kan indsattes i1 et blodkar, ind-
til dens distale ende stgder op til et sted med athe-
romatest materiale, idet guidetraden kan indfores
gennem kateterroret;

en drejelig, motordrevet, fleksibel, hul aksel (13,
313), der er forskydelig over guidetraden og som er
koaksial med guidetraddens la&ngdeakse;

en ekspanderbar skareenhed med to langsgaende separe-
rede ender, hvor skereenheden, nar den er udvidet, er
excentrisk roterbar omkring den langsgaende akse med
henblik pa at skare og fjerne atheromatest materiale
fra blodkarret;

en aktuator (9), der kan betjenes til at inducere se-
lektiv ekspansion af skareenheden; og

hvor den hule aksel omfatter indre (16, 16A; 314) og
ydre (14, 14A; 94; 316; 1014) rerformede dele, der
kan drejes samtidigt ved hjalp af motoren (11), me-
dens en af de indre og de ydre, rorformede dele gli-
der over den anden 1 en retning, der i det vasentlige
er parallel med langdeaksen som respons pa en aktue-

ret virkning fra aktuatoren,

hvor skareenheden (19, 79, 89, 99, 1019) er ek-
spanderbar som respons pa den aktuerede virkning,
medens den forarsager, at skareenhedens to sepa-

rate ender (20, 21; 81, 83) bringes tattere
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sammen, hvor en forste af de to ender er forbun-
det med en distal ende af den indre, rorformede
del, og en anden af de to ender er forbundet med
den ydre, rorformede del, kendetegnet ved, at de
indre og ydre, rorformede dele er radialt forbun-
det med hinanden, medens de roteres samtidigt ved
hjelp af en stift (7), der er fastgjort til den
indre, rorformede del, og ved hjalp af en kant,
som forlgber i bredden af et vindue (31), som er
dannet med den ydre, rerformede del (14) og som
har en bredde, der kun er 1lidt storre end stif-

ten.

Indretning ifelge krav 1, hvor skareenheden (19, 79, 89,
99, 1019) har en lige konfiguration, som i det vasentlige
er parallel med den langsgaende akse, nadr den er indstil-
let 1 en sammenklappet tilstand og en bueformet, bgjet
konfiguration, nar den er indstillet i en ekspanderet
tilstand;

er dannet integreret med den ydre, reorformede del (1014);
eller

er viklet omkring og placeret skrat i forhold til den

langsgaende akse.

Indretning ifglge krav 1, hvor den ydre, reorformede del

(94) er konfigureret med en flerhed af aflange elementer
(97a-d), som er viklet omkring den langsgaende akse, sa-
dan at mere end én af flerheden af aflange elementer er
lengere end de andre aflange elementer, der ikke distalt
strakker sig ud over den ydre, rorformede del, og hvor

hver to tilstegdende aflange elementer i flerheden af af-
lange elementer er forbundet sammen, idet de mere end ét

lengere element fungerer som skareenheden (99), nar de
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distale ender deraf er forbundet til den distale ende af

den indre, rerformede del (96).

Indretning ifglge krav 1, hvor den ydre, rorformede del
er forbundet med den indre, reorformede del via diskonti-

nuerligt pafert lasersvejsning.

Indretning ifelge krav 1 yderligere omfattende i1 langsga-
ende retning, med indbyrdes afstand placerede forste og
anden ska&reenhedsholdere (21, 22; 81, 83), der bares af
den hule aksel (13) ved en distal ende deraf, hvor den
indre del er distalt langere end den ydre del, og hvor
den fegrste og anden holder er forbundet til et distalt
omrade af henholdsvis den indre og den ydre, rerformede

del.

Indretning ifglge krav 1 yderligere omfattende et husle-
geme (8), 1 hvilket motoren (11) til drejelig drift af
den hule aksel (13, 313) huses, og forbindelsesmidler
(131, 506) til at forbinde kateterrgret (17) til en di-
stal ende (25) af huslegemet, hvor motoren drivbart er i

indgreb med den ydre rorformede del (14).

Indretning ifglge krav 6 yderligere omfattende et aspira-
tionssystem (40) til fjernelse af de desintegrerede
atherompartikler, som er i forbindelse med det indre af
kateterroret (17), hvor aspirationssystemet omfatter en
vakuumpumpe (6), en feorste aspirationslinje (2), der
strakker sig fra et ringformet rum mellem huslegemets di-
stale ende (25) og den ydre, regrformede del (14) til va-
kuumpumpen, en opsamlingspose (1), hvortil de desintegre-

rede atherompartikler trakkes, og en anden
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aspirationslinje (22), der strakker sig fra vakuumpumpen

til opsamlingsposen.

Indretning ifglge krav 6, hvor aktuatoren (9) er et i
lengderetningen forskydeligt justeringsorgan, til en di-
stal flade, som er forbundet med en tetning (135), der er
indgrebsmessigt forseglet med huslegemet (8) og med den
indre, reorformede del (16), hvor proximal forskydning af
justeringsorganet bevirker, at den indre, rorformede del
forskydes 1 en lignende retning, hvorved skareenheden

(19) indstilles til den buede konfiguration.

Indretning ifelge krav 8, hvor reguleringsorganet (9) er

dannet med et hulrum (141), hvori der huses et roterende
leje (132), der er forbundet til den indre, rerformede
del (1lo).

Indretning ifglge krav 1,

hvor vinduet (31) ogsa har en proximal og distal kant,
idet den ene af den proximale kant og den distale kant
kan bringes 1 kontakt med stiften (7) 1 en tilsvarende
ekstrem position for justeringselementet (9), med henblik
pa at begranse justeringsorganets langsgaende forskyd-

ning.

Indretning ifglge krav 6, hvor forbindelsesmidlerne er en

teleskopisk ekspanderbar adapter (506).

Indretning ifglge krav 1 yderligere omfattende en ela-
stisk kappe (18), der kan fastgeres til skareenhedens en-
der (20, 21) for at sikre ikke-traumatisk kontakt med

blodkarvaegge.
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Indretning ifglge krav 1 yderligere omfattende en boreen-
hed (360), der er forbundet til og distalt fremspringende
fra den distale ende af den hule aksel (313), til boring
af en kronisk total okklusion, som er til stede i1 blod-
karrets lumen, idet boreenheden er konfigureret med: en
ydre ringformet vaeg omfattende en proximal del (310) med
en ensartet diameter, som er konfigureret med en hulrums-
veg (339), hvortil den ydre del (316) af den hule aksel
(313), der udger den excentrisk drejelige og ekspander-
bare skareenhed (99), er forbundet, og med en tilspidset
distal del (315), hvis diameter gradvist formindskes fra
en granseflade (311) med den proximale del til en distal
kant (319) af den distale del; en spiralformet endeflade
(345), idet en afstand til denne fra en lige proximal
kant (301) af den proximale del gradvist forgges fra en
forste endefladekant (346) til en maksimal verdi ved en
anden endefladekant (348), der udger en enkelt skerekant,
og som er diskontinuerlig med hensyn til den fegrste ende-
fladekant; en boring (350) der centralt placeret er for-
synet med endefladen for at rumme guidetraden (10); og
perifere afrundede kanter (353, 354), der omgiver ende-
fladen, der perifert og rumligt strakker sig til den di-
stale kant af den distale del for at sikre, at alle over-
flader pa boreenheden, med undtagelse af skarekanten, er

afrundede og atraumatiske for blodkarrene.

Indretning ifelge krav 13, hvor boreenheden (360) ogsa er
konfigureret med en afrundet overgangsoverflade (356),
der graenser op til skarekanten (348) og en del af ende-
fladen (345) og som radialt strakker sig ind i1 boringen
(350) med henblik pa at definere en skarende forkantafde-
ling, som er skra i forhold til et plan, som er vinkelret

pa den proximale kant (301).
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Indretning ifelge krav 1, hvor skareenheden (19, 79, 89,
99, 1019) er selektivt og graduérbart aktuerbar, indtil
dens diameter tilnermer sig blodkarrets diameter pa ste-
det for et atheroma med henblik pa at maksimere fjernelse

af atheromategst materiale.
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