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Description

FIELD OF THE INVENTION

[0001] The invention is directed to an energy efficient apparatus for penetrating a total occlusion of a blood vessel
during percutaneous coronary intervention (PCI) or improving deliverability of a percutaneous transluminal angioplasty
(PTA) catheter through a partial occlusion of a blood vessel. In particular, the apparatus provides efficient energy transfer
to the distal end of the device via a pulling force, to penetrate the occlusion with minimal energy loss, as well as a distal
end section that combines longitudinal stiffness for effective penetration of occlusions and axial flexibility for deliverability.
The apparatus is also applicable to percutaneous intervention procedures in peripheral arteries.

BACKGROUND OF THE INVENTION

[0002] Medical science has long sought effective treatments for disease conditions involving stenosis (narrowing or
obstruction) of the lumen of an artery. This condition, known generally as an occlusion, occurs in patients suffering from
atherosclerosis, which is characterized by an accumulation of fibrous, fatty or calcified tissue in the arteries, otherwise
known as atheromata or plaques. An occlusion may be partial or total; it may be soft and pliable or hard and calcified.
Occlusions can arise at a great variety of sites in the arterial system including the aorta, the coronary and carotid arteries,
and peripheral arteries. An occlusion can result in hypertension, ischemia, angina, myocardial infarction, stroke and
even death.
[0003] Minimally invasive procedures are the preferred treatment of arterial occlusions. In these procedures, a catheter
- a long, highly flexible tubular device - is introduced into a major artery through a small arterial puncture made in the
groin, upper arm, upper leg, or neck. The catheter is advanced and steered into the site of the stenosis. A great variety
of devices have been developed for treating the stenosed artery, and these devices are placed at the distal end of the
catheter and delivered thereby. Example procedures include percutaneous transluminal coronary angioplasty (PTCA),
directional coronary atherectomy (DCA), and stenting.
[0004] In a total occlusion, a passageway must first be opened through the occlusion to allow the balloon/stent catheter
to be placed in the target stenosed segment of the vessel. As occlusion morphology is complicated and varies from
patient to patient, common methods and devices for opening these occlusions have had limited success and require
long procedures with potentially adverse effects on the patient. Such adverse effects include perforation of blood vessel
wall, high radiation dose or damage to kidneys due to extensive use of angiographic contrast material.
[0005] Stenoses, or occlusions, are made of a variety of materials - from softer fatty substances such as cholesterol,
to tougher fibrous material, to hard calcified material. Generally the ends of the occlusion - the proximal and distal caps
- comprise the harder calcified material. The harder materials are more difficult to penetrate, requiring a significant
amount of energy, the softer materials require less energy. Therefore, opening an occlusion requires transfer of relatively
extensive energy to the distal end of a catheter or guide wire, especially when calcification is present.
[0006] Occlusions comprise a variety of materials of different density and hardness. Therefore, the nature of the energy
used in a re-canalization device should suit the specific occlusion and the penetration should be controlled to prevent
perforation of the artery walls or damage to healthy tissue. Additionally, because the energy originates at the proximal
end of the catheter it must be able to reach the distal end of the device near the occlusion at a level sufficient to effect
penetration of the occlusion without damaging the conductive wires and without sacrificing flexibility of the device. Current
devices suffer either from an insufficient amount of energy transferred to the distal end of the device or a mismatch
between the type of energy delivered and the type of occlusion, sometimes resulting in too much force being applied
and thereby increasing the risk of damage, or even perforation, of the lumen wall. Accordingly, there is a need for a
system or apparatus that can transfer adequate energy to the re-canalization device.
[0007] In endolumenal devices designed for penetrating vessel occlusions, mechanical movement, i.e., oscillation, of
the member that contacts the occlusion is usually generated by placing an energy source at the proximal end of the
device and transferring the energy to the distal end of the device by mechanical means. Some available methods for
opening total occlusions are radiofrequency ablative energy (as used in the system sold by Intralumenal Therapeutics
as Safecross™), vibrational energy of about 20kHz and small amplitudes (as used in the system sold by FlowCardia
Inc. as Crosser™), dedicated stiff guide wire which pushes a passage through the occlusion (as developed by Asahi
Intec Co. and distributed as Confianza 9g/Conquest and Miracle 12g guide wires) and mechanical vibration elements
working at high frequency (FlowCardia Inc.’s Crosser™). All such devices provide limited success rate ranging from
40-70%.
[0008] The mechanical vibration means for opening occlusions suffer from significant energy loss between the energy
source at the proximal end of the catheter and the driller located at the distal end of the catheter, as well as limited
working life due to material fatigue.
[0009] With an ultrasound catheter, the ultrasonic energy usually originates from an ultrasound transducer at the
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proximal end of the catheter and is then transmitted to the distal head of the catheter as a sinusoidal wave, causing the
distal head to vibrate and either ablate or disrupt the target occlusion. To reach treatment sites, such catheters must be
rather long - about 90-150 cm or more - and therefore a large amount of energy must initially be transmitted to reach
the distal end. At the same time, to be flexible enough to course through highly tortuous vessels, the catheter must be
reasonably thin. The long length and narrow diameter combine to make wire breakage a common problem due to the
stress and wear from the high energy pulses.
[0010] Guide wires stiff enough to penetrate hard occlusions have the disadvantage that their inflexibility and straight
tips make navigating through tortuous vessels difficult and increase the risk of vessel perforation. Rigid materials that
are sufficiently flexible to accommodate the highly tortuous vessels have the problem of buckling, due to the proximal
location of the pushing source. Buckling results in energy loss by transfer to transverse forces and friction against the
lumen housing the rigid material. For example, one prior art device (i.e., FlowCardia Inc.’s Crosser™) uses a rigid Nitinol
wire. The rigidity of the wire permits an axial force initiated at the proximal end of the wire to be transmitted to the distal
end of the wire, by pushing the wire. However, such energy transfer mechanisms suffer from significant, yet unpredictable
(i.e., variable), energy loss due to energy transfer to the housing tube (e.g., catheter lumen). This is a particular problem
when the rigid wire bends to conform to the anatomy of the blood vessel. Energy loss of rigid wires are due mainly to
two mechanisms: (1) Moment of inertia, which may be illustrated by bending a rigid body. The force imposed to bend
the rigid wire is transferred to friction when the rigid wire is housed within a catheter lumen. (2) Buckling of the wire, a
situation that causes the axial force to be shifted to transverse forces and results in increased friction forces within the
housing lumen. Further, if the axial force is increased to compensate for the energy losses, the buckling is exacerbated,
making axial oscillation, and in particular controllable axial oscillation, even more difficult to achieve.
[0011] An important engineering phenomenon is the buckling of slender beams upon load. The critical force required
to buckle a slender beam (including, for example, a rigid wire) is given by Equation 1: 

where Fc is maximum force the rigid wire can support without buckling, L is the length of the rigid wire, and K is a numeric
constant which depends on the way the rigid wire is supported at its ends. For example, if both ends are pinned (i.e.,
free to rotate), then K=1. If one end is pinned and the other end is fixed, then K=0.7. If a straight wire that is held at its
distal end is pushed at its proximal end by a force exceeding the critical buckling force Fc, the rigid wire will buckle
laterally, and will not transmit the pushing force ahead.
[0012] A rigid wire winding within a catheter lumen - in particular a catheter that courses through a tortuous blood
vessel - will be bent. Even without pulling or pushing such a rigid wire, there are forces exerted upon the rigid wire to
keep it bent. Friction created by the bent wire against the lumenal surface of the catheter causes the rigid wire to be
pinned at some point. If the friction at the pinned point is larger than the buckling threshold, a buckling will occur and
adversely affect the pushability of the wire. The resistance that a rigid wire meets at a vessel occlusion works the same
way as a pinned point due to friction at a bend. A rigid wire in a tube such as a catheter will move only if the pushing
force is larger than the friction force or resistance acting upon the rigid wire. If the length of the straight portion of the
rigid wire preceding the point of resistance is long enough, however, the rigid wire will buckle before the pushing force
becomes large enough to overcome the friction. This explains why it is difficult to transmit a force to one end of a winding
rigid wire by pushing from the opposite end, because the rigid wire is expected to buckle.
[0013] An apparatus according to the preamble of claim 1 is known form US 2011/0196384 A1 providing an apparatus,
system and method for re-canalization or opening a passage through an occlusion in a blood vessel. The apparatus
and method, which are appropriate for both cardiovascular as well as peripheral vessels, use a pulling member and a
spring element, for example a compression spring, to oscillate a vibratable member, and the system of the invention
includes the apparatus and a control unit to permit the frequency or amplitude of oscillation of the vibratable member to
be adjusted. Also provided is a method for oscillating a vibratable member using a pulling member and a spring element.
The apparatus and system are useful not only for penetrating a total or partial occlusion, but also to improve deliverability
of a catheter through a partially occluded vessel or a tortuous vessel.
[0014] US 2002/065475 A1 discloses a medical guide wire. A rear half of a leading bulge portion (ellipsoidal helical
spring) of the guide wire forms a truncated cone shaped front catheter engagement portion. An inner wall of a balloon
catheter forms a spiral groove. The spiral groove fits into the front catheter engagement portion to provisionally connect
the balloon catheter to the front catheter engagement portion. The medical guide wire and the balloon catheter are
inserted into the blood vessel with one single step procedure when the medical guide wire is introduced into the blood
vessel to place the balloon portion at the stricture blood vessel area to cure the stricture blood vessel area.
[0015] From US 5 409 470 A a guidewire and catheter are known adapted for advancement through tight or tortuous
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vascular anatomy by providing detachably connectible threaded elements at the distal ends of each of the catheter and
guidewire. When threaded together, the combined catheter and guidewire provide enhanced column strength to facilitate
pushing the two together through the vascular anatomy. Alternately, the guidewire may be rotated in a manner that
draws the catheter in screw-like fashion in a distal direction.
[0016] Furthermore, US 5 308 324 A teaches a steering device, such as for use in a guidewire for percutaneous
transluminal insertion into the coronary vascular system. The guidewire comprises an elongate flexible housing having
proximal and distal ends and at least one lumen extending through the length of the housing. The guidewire has a
steering element secured within the lumen and adapted to displace the distal end of the housing in a lateral direction.
At least one deflection wire extends through the flexible housing extending from a distal point of attachment to the
proximal end. Axial movement of the deflection wire displaces a distal steering region of the housing in a lateral direction.
[0017] US 2007/260224 A1 discloses a catheter tip for attachment with an intravascular balloon catheter that is used
within a body lumen. The catheter tip includes a body portion having a base that is attached to the balloon catheter. The
base defines a proximal end of the catheter tip. A head that is attached to the body portion defines a distal end of the
catheter tip. An axial cavity, cooperatively defined by the body portion and the head, extends longitudinally from the
proximal to the distal end of the catheter tip. The axial cavity receives a first guidewire along which the catheter is moved
within the body lumen. An outer surface of the head is shaped in a predetermined manner to control the magnitude of
deflection of a second guidewire that is often twisted about the first guidewire in the lumen so as to prevent catheter
obstruction by the guidewires during catheter procedures.
[0018] The catheter tip of US 2011/196315 A1 provides longitudinal flexibility, pushability and radial rigidity thereby
improving deliverability. The catheter tip includes a spring-like element to provide longitudinal flexibility and pushability
to the catheter tip. The spring-like element may also provide radial support to the distal edge of the catheter tip. Alter-
natively, a radially rigid distal end may also be included distal of the spring-like element. The apparatus may be used
with any interventional catheter system, but is particularly suitable for use with balloon-expandable stent systems and
balloon-angioplasty systems, where flexibility of the catheter tip and minimal flaring of the distal edge of the catheter tip
is desirable.
[0019] There still is a need in the art for an apparatus for penetrating vessel occlusions that is capable of delivering
efficient energy in a controlled and safe manner to open vessel occlusions, and to improve the deliverability of catheters
carrying such devices through blood vessels. There is also a need in the art for an energy efficient apparatus for
penetrating vessel occlusions that has a leading edge or distal section for vibrating that is sufficiently rigid longitudinally
to act as a drilling head to penetrate calcified lesions at the treatment site, but that also has sufficient axial flexibility for
deliverability through tortuous vessels and narrow and stenosed vessels. There also is a need for a system that can
both transfer adequate energy and adjust the amount of energy transmitted to the penetrating end of the device based
on the hardness of the occlusion.

SUMMARY OF THE INVENTION

[0020] According to the invention this problem is solved by the apparatus of claim 1. Further improvements are subject
to the dependent claims.
[0021] In particular, the apparatus of the invention comprises a spring member, a pulling member, a vibratable drilling
component, all housed in a catheter. The drilling component, or drilling head, is located at the distal tip of the apparatus
and is made to oscillate in response to the pulling force of the pulling member and the return force of the spring member
upon release of the pulling member. The oscillation or vibration of the drilling component can effect penetration of the
occlusion.
[0022] The drilling component is a tightly coiled (closed coil) spring, i.e., the neighboring coils contact each other. For
example, the drilling component may have at least two neighboring coils that are tightly packed. As used herein, the
concept of "closed coils" is used interchangeably with "tightly packed coils" and "tightly coiled". The closed coil construction
of the drilling component of the invention has the benefit of longitudinal stiffness that can provide pushability, like a solid
drilling head, but also flexibility along its axis, which a solid drilling head does not provide. In a preferred embodiment,
the coiled drilling component is tapered distally to reduce the crossing profile and enhance deliverability. In one aspect
of this embodiment, the drilling component has an external diameter that tapers distally, i.e., the diameter decreases
from the proximal end to the distal end, and an inner diameter (lumen diameter) that is constant from the proximal to
distal end or tapers at a lesser rate than the outer diameter.
[0023] The apparatus preferably includes a vibrational energy source located external of the catheter and operably
connected to the pulling member, which moves freely relative to the catheter. The vibrational energy source is adapted
to repeatedly pull and release the pulling member so as to vibrate the drilling component via the spring member.
[0024] The apparatus may additionally comprise a device that secures the catheter relative to the blood vessel to
improve the delivery of vibration forces to the occlusion. The apparatus may still further comprise a steering device to
assist navigation through an occlusion, especially for use in cases where there are numerous bifurcations near the target



EP 3 102 125 B9

5

5

10

15

20

25

30

35

40

45

50

55

occlusion. The catheter may be compatible for use with additional external or internal components that assist visualization
of the apparatus or device, and/or to remove drilling debris, for example by suction.
[0025] The system comprises the apparatus of the invention, including the vibrational energy source, and a control
unit adapted for controlling the vibrational energy source. The vibrational energy source generates a vibration force
having at least one frequency and at least one amplitude, and the control unit may independently adjust the frequency
and amplitude of vibration in the vibrational energy source and, thereby, of the drilling component. Suitable vibration
force may be achieved by adjusting the frequency, e.g., from several Hz to several hundred Hz, and/or adjusting the
pulling amplitude, so that the penetration force of the vibration is minimized and is appropriate for the occlusion morphology
and hardness. Therefore, the control unit may adjust the vibrational energy source to generate a vibration force suitable
for the occlusion morphology and hardness.
[0026] It is believed that by providing the minimal force necessary to penetrate an occlusion, safety of the recanalization
procedure is increased and potential damage to the body lumen, e.g., an artery, is reduced compared to recanalization
devices in the art. Accordingly, the frequency and/or amplitude of vibration of the drilling component may be changed
manually by the physician operator to adjust for the hardness of the particular occlusion being treated, based on the
operator’s skill and experience. Alternatively, the frequency and amplitude of vibration may be adjusted automatically
or manually based on measurements of the hardness of the occlusion.
[0027] Where the hardness of the occlusion is to be measured, the apparatus may comprise a sensor or strain gauge.
Optionally, the system further comprises an operator interface unit to assist the operator in controlling the frequency
and amplitude of vibration of the drilling component based on feedback from the sensor regarding hardness of the
occlusion and/or Δy (expansion) of a compression spring member. The control unit adjusts the frequency and/or amplitude
at which the vibrational energy source pulls the pulling member and may be, for example, a switch, a processor, or a
processor with an operator interface unit.
[0028] The system may further include a tension control mechanism to compensate for variations in the path of the
pulling member in curved or tortuous lumens. The tension control mechanism may adjust the length of the pulling member
or the amplitude that the pulling member is pulled.
[0029] The result is a versatile and efficient energy delivery apparatus and system for penetrating a total occlusion
and/or improving deliverability of the catheter through partially occluded body lumens.
[0030] It is an object to provide an improved apparatus for penetrating a vessel occlusion and/or traversing a partial
occlusion, where the apparatus has a vibratable member that is made to vibrate in an improved manner, namely, by
more efficient energy transfer from the external energy source to the distal part of the catheter. The increased efficiency
derives from the pulling wire-spring combination of the apparatus. In particular, the apparatus generates a vibration force
that oscillates the vibratable member by a pulling force rather than pushing or combined pulling-pushing force. The
apparatus is less sensitive to unpredictable geometry such as the sometimes tortuous curvature of blood vessels than
PCI devices that use pushing forces.
[0031] It also is an object to provide such an energy efficient apparatus that has as the vibratable member a drilling
component having the combined properties of flexibility for delivery through difficult vessel anatomies and adequate
longitudinal stiffness for drilling through calcified vessel lesions.
[0032] It is further an object to provide such a drilling component that tapers distally.
[0033] It is a further object to provide a system comprising an apparatus with a pulling force for penetrating a vessel
occlusion that is capable of adjusting the frequency or amplitude of vibration to accommodate the hardness of the
occlusion or stretching of the pulling member.

DESCRIPTION OF DRAWINGS

[0034]

FIGS. 1A - 1E illustrate one way an embodiment of the apparatus of invention may work during one pulling cycle.
FIG. 1A depicts an apparatus with no tension placed on it. FIG. 1B depicts the apparatus with tension in the pulling
member, and a spring member compressed with load (stored energy). Stored energy is equal to spring constant (k)
multiplied by compression amplitude (x). FIG. 1C depicts the apparatus with no tension in the pulling member
released, and kinetic energy releasing from the compression spring. FIG. 1D depicts the apparatus with no tension
in the pulling member, and the compression spring at maximum expansion (yx) for the compression amplitude (x).
FIG. 1E depicts the apparatus with tension on the pulling member again.
FIG. 2 illustrates a spring member and drilling component of a catheter tip.
FIG. 3A illustrates a cross-sectional view of an embodiment of a catheter tip that is a coil wire with tapered outer
diameter and constant luminal diameter, the coil wire including a spring member having spaced coils and a drilling
component having tightly spaced coils.
FIG. 3B illustrates a cross-sectional view of an embodiment of a tapered drilling component having a constant
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luminal diameter.
FIGS. 4A - 4C are a series of schematic diagrams depicting components of a tissue sensor and illustrating how an
embodiment of a tissue sensor attached to a spring member might be used to determine whether the appropriate
force is applied to occlusions of differing hardness.
FIG. 5 illustrates schematically how an embodiment of a sensor might be used to measure directly the achieved
amplitude of vibration of the drilling component.
FIG. 6 illustrates one embodiment of a control scheme for adjusting the force of vibration.

DETAILED DESCRIPTION OF THE INVENTION

[0035] The apparatus and system of the invention provide an improved device for oscillating a drilling component to
re-canalize a total or partial occlusion in a blood vessel, but may also be applicable to clearing occlusions from other
body lumens. The apparatus of the invention includes a spring member and drilling component at the distal end of the
catheter, i.e., in the catheter tip, and a pulling member attached to the spring member or drilling component and housed
in a catheter. The apparatus provides therapeutic vibration in the drilling component at the distal end of the catheter,
i.e., in the catheter tip. The vibratable drilling component is operably affixed to the distal end of the spring member.
Vibration of the drilling component is effected via the spring member by pulling and releasing the pulling member.
[0036] More particularly, when pulled, the pulling member, which may be attached either to the spring member or to
the drilling component, may compress the spring member in the proximal direction and thereby transfer potential energy
to the drilling component. Upon release of the pulling member tension, the spring member converts the stored energy
to kinetic energy locally, thereby moving the drilling component in the distal direction. The acceleration of the kinetic
energy may cause expansion of the spring member to extend the distal end of the spring member beyond the no load
(resting) position, thereby pushing the drilling component further distally. In a blood vessel having an occlusion, the
kinetic energy is transferred from the drilling component to impact the occlusion. The drilling component, located at the
distal-most part of the catheter tip, is thereby made oscillate at a frequency and amplitude sufficient to penetrate an
occlusion in a body lumen.
[0037] The drilling component comprises a tightly coiled (tightly packed or "closed coil") wire configuration. The tightly
coiled wire configuration of the drilling component provides axial flexibility (i.e., the drilling component may flex laterally)
as well as longitudinal stiffness or pushability, for example to effect drilling through an occlusion.
[0038] The catheter may be a conventional interventional medical catheter having a lumen to accommodate the pulling
member and preferably also a lumen to accommodate a guide wire as well as other elements such as for steering,
motion measurement element, to infuse contrast material, or to remove occlusion debris from the drilling area.
[0039] Thus, the apparatus comprises a catheter, having a proximal end and a distal end; a spring member having a
proximal end and a distal end, said proximal end of said spring member being affixed to said distal end of said catheter,
said spring member having at least two neighboring coils with open construction; a drilling component contiguous with
said distal end of said spring member and functionally attached thereto, said drilling component comprising a spring
having at least two neighboring coils that are tightly packed; and a pulling member housed within said catheter, said
pulling member having a proximal end and a distal end, said distal end of said pulling member affixed to a distal structure
selected from the group consisting of said spring member and said drilling component; wherein said pulling member,
when pulled and released compresses and releases said spring member thereby effecting at least one oscillation of
said drilling component. The apparatus may further comprise a vibrational energy source operably connected to said
proximal end of said pulling member, wherein said vibrational energy source oscillates said drilling component by re-
peatedly pulling and releasing said pulling member.
[0040] The apparatus may be alternatively described as comprising a catheter having a proximal end, a distal end,
and a catheter tip at said distal end of said catheter; a pulling member located within said catheter, said pulling member
having a proximal end and a distal end, said distal end of said pulling member affixed to a structure in said catheter tip;
and a vibrational energy source operably connected to said proximal end of said pulling member, wherein said vibrational
energy source is adapted to generate at least one oscillation in said drilling component via said pulling member and said
spring member; wherein said catheter tip comprises a spring member and a drilling component; said spring member
having a proximal end and a distal end, said proximal end of said spring member being affixed to said distal end of said
catheter, said spring member having open coils; said drilling component having a proximal end and a distal end, said
proximal end of said drilling component being connected to said distal end of said spring member, said drilling component
consisting of a tightly coiled wire.
[0041] In one embodiment, the drilling component tapers distally. In one aspect of this embodiment, the spring member
tapers distally. In another embodiment, the drilling component has an outer diameter that tapers distally and an inner
luminal diameter that is substantially constant, i.e., constant or near constant. In one aspect of this embodiment, the
spring member also has an outer diameter that tapers distally and an inner luminal diameter that is substantially constant,
i.e., constant or near constant. In yet another embodiment, the drilling component has an outer diameter that tapers
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distally at a first rate and an inner luminal diameter that tapers at a second rate, said second rate less than said first
rate. In one aspect of this embodiment, the spring member also has an outer diameter that tapers distally at a first rate
and an inner luminal diameter that tapers distally at a second rate, said second rate less than said first rate.
[0042] In one embodiment the catheter tip structure that the pulling member is attached to is the drilling component.
In another embodiment, the spring member is a compression spring, and said pulling member is affixed to said distal
end of said spring member. With respect to embodiments in which the pulling member is attached to the spring member,
the pulling member may be attached at any point along the spring. For example, the pulling member may be attached
proximal of a taper area, distal of a taper area, or at any point between the distal end of the spring member and a point
on the spring member distal of the catheter to which it is attached.
[0043] The system comprises the apparatus of the invention, including the vibrational energy source, and a control
unit for controlling vibrational energy source. The control unit may also control or adjust independently the at least one
frequency and at least one amplitude of the oscillation. The system may further comprise a sensor to assist controlling
the frequency or amplitude and a processor functionally connected to said sensor and operably connected to said control
unit, the processor capable of analyzing input from the sensor. The control unit may further comprise an operator interface
unit (i.e., a user input-output device). The system may still further include a tension control (or adjustment) mechanism
to compensate for variations in pulling member path length when the catheter includes curvatures, i.e., is curved due to
the curvatures of the vessel.
[0044] Utilizing the apparatus further provides an exemplary method of oscillating a drilling component of a catheter
tip and an exemplary method of traversing a vessel occlusion using the apparatus, for example to recanalize an occlusion.
Also disclosed is an exemplary method of controlling the force of vibration.
[0045] The exemplary method of oscillating a drilling component of a catheter tip, the catheter tip comprising a com-
pressible spring member having a proximal end and a distal end, said proximal end of said spring member being affixed
to said distal end of said catheter; an axially flexible drilling component contiguous with said distal end of said spring
member, said drilling component consisting of a tightly packed coil spring; a pulling member housed within said catheter,
said pulling member having a proximal end and a distal end, said distal end of said pulling member affixed to a distal
structure in the catheter tip. The distal structure may be selected from the group consisting of: said spring member and
said drilling component. The exemplary method of oscillating a drilling component comprises pulling the pulling member
from a proximal end of said pulling member to generate a load that compresses the distal end of the spring member
toward the proximal end of said spring member, said pulling member attached at a distal end to said distal end of said
spring member, wherein said drilling component is functionally attached to said distal end of said spring element; releasing
said load generated by said pulling member, thereby permitting said spring member to expand; repeating said pulling
and releasing steps to effect oscillation of said drilling component. When the distal structure to which the pulling member
is attached is the spring member, the pulling member may be attached at any point along the spring member that permits
generating a load on the spring member by pulling the pulling member. Thus, in another embodiment, said distal end
of said pulling member is attached to a point proximal of a taper area of said spring member. In yet another embodiment,
said distal end of said pulling member is attached to a point distal of a taper area of said spring member. In each of
these alternative embodiments, pulling said pulling member generates a load on said spring member, by compressing
said spring member, and releasing said pulling member releases said load to effect oscillation of said drilling component.
[0046] In one embodiment, the pulling and releasing is performed by a vibrational energy source. In one aspect of this
embodiment the oscillation has at least one frequency and at least one amplitude, and said at least one frequency is
controlled by a control unit functionally attached to said vibrational energy source. In another aspect of this embodiment
the oscillation has at least one frequency and at least one amplitude, and said at least one amplitude is controlled by a
control unit functionally attached to said vibrational energy source. In yet another aspect of this embodiment the oscillation
has at least one frequency and at least one amplitude, and said at least one frequency and said at least one amplitude
are controlled by a control unit functionally attached to said vibrational energy source.
[0047] The exemplary method of traversing a catheter through a vessel occlusion comprises introducing into the vessel
the apparatus described above; positioning said drilling component in contact with said occlusion; and generating a
series of pulling forces from said vibrational energy source upon said pulling member to oscillate said drilling component
at an amplitude and frequency sufficient to penetrate said occlusion. The exemplary method may further include advancing
said catheter through said occlusion as said drilling component penetrates said occlusion. The exemplary method may
further include in the generating step oscillating said drilling component at an amplitude and frequency sufficient to
maneuver said catheter around obstacles in said vessel.
[0048] The tightly coiled wire configuration of the drilling component provides improved maneuverability of the catheter
tip through, e.g., tortuous vessels compared to a drilling head having a solid, rigid structure. In addition to being axially
flexible, the tightly packed coils provide pushability to the drilling component and rigidity at the distal end, in particular
at the distal edge. In a preferred embodiment, the drilling component tapers distally. For example, in one aspect of this
embodiment, the drilling component may have an external diameter that tapers from the proximal end to the distal end.
In this aspect, the lumen of the drilling component may have a constant diameter or may taper distally at a lesser degree



EP 3 102 125 B9

8

5

10

15

20

25

30

35

40

45

50

55

than the outer or external diameter. The coils of the drilling component may comprise metal, hard plastic, or other suitable
materials. Suitable metal materials for the drilling component include, for example, stainless steel, cobalt chromium,
Nitinol or other appropriate metals that would be apparent to one skilled in the art from the description herein.
[0049] The spring member may be, for example, a compression spring, a helical spring (e.g., a wire in the shape of
a helix), a leaf-spring, a bellows, a compressible polymer, a coated spring, or similar member suitable for storing potential
energy upon compression and releasing kinetic energy when the compression load is lifted. The compression and
expansion of the spring member may be used to vibrate the drilling component at a frequency and amplitude sufficient
to penetrate a vessel occlusion.
[0050] The drilling component and spring member may be different sections of a single coiled wire spring, the distal
section consisting of closed coils and the proximal section having open coils.
[0051] The pulling member preferably is a flexible string. Any high tensile polymer would be suitable material for a
pulling member. Non-limiting examples of suitable materials include carbon, DSM Dyneema® or Dyneema Purity®
(available from DSM, Heerlen, Netherlands), or other suitable polymers, such as a polyethylene or a polyester.
[0052] The vibrational energy source may be any energy source that is capable of generating at least one vibratory
energy pulse by pulling and releasing. The vibrational energy source may be, for example, an actuator, a solenoid, a
shaker, for example a vibrational shaker, a motor, for example a standard motor or a piezoelectric motor, or any similar
energy source having a reciprocating member that can pull and release the pulling member. By "release" is meant
releasing the tension in the pulling member, the tension being generated by pulling the pulling member. The vibrational
energy source is located external of the catheter. The vibrational energy source pulls the pulling member to generate
potential energy in the spring member. The potential energy converts to kinetic energy when tension in the pulling
member is released, the load on the spring is lifted and the spring member expands naturally, thereby locally transferring
mechanical energy to the drilling component, pushing the drilling component distally, e.g., toward the occlusion. The
process is repeated at a frequency and amplitude that enables the drilling component to drill through the occlusion. The
amount of energy can be adjusted by choosing an appropriate "spring" member having an internal spring factor (k). The
force may be further adjusted by externally setting the pulling member amplitude. The amount of power (energy over
time) as well as the mechanical impact can be controlled by the oscillation frequency.
[0053] Specifically, the force for generating therapeutic vibration of the drilling component may be provided by the
vibrational energy source, which is capable of pulling the pulling member at a distance (x), to generate a tension (T),
and then releasing the tension. The pulling member is functionally connected at its distal end to the spring member. The
structure in the catheter tip to which the pulling member is attached may be the drilling component or the spring member,
for example the distal end of the spring member. A return force is provided by the spring member, having a spring
constant (k), such that the tension in the pulling member may be defined as T = kx. The repeated combination of pulling
and releasing of the pulling member generates oscillations in a drilling component at a frequency and amplitude sufficient
to penetrate and clear a vessel occlusion. The operator may adjust the vibration by adjusting the frequency and/or
amplitude of vibration through a control unit, which controls the vibrational energy source.
[0054] The catheter may have one or more lumens for the pulling member(s) and a lumen for a guide wire. The catheter
may also include various lumens for other features, such as a steering wire or other mechanism, contrast materials for
visualization, IVUS (intra-vascular ultrasound), elements for measuring distal motion amplitude and force, removal of
debris from the occlusion, etc.
[0055] The apparatus of the present disclosure overcomes the limitations of the prior art - in particular the loss of
mechanical energy between the proximal end of the device where an energy source may be located and the distal end
of the device where the drilling occurs, by providing a distal spring-like element, a spring member, to transmit force
locally. The spring member is capable of being charged - e.g., being compressed to generate potential energy - by a
flexible pulling member. The potential energy is converted to kinetic energy upon release of tension in the pulling member.
The potential energy is loaded and released to kinetic energy at a desired frequency and amplitude to oscillate a drilling
component. The stored energy of the spring member is released to the occlusion via the drilling component, which
impacts the occlusion. As used herein, the term "flexible" is intended to mean capable of flexing laterally without any
inertia moment, e.g., to accommodate tortuous vessels, but not longitudinally - e.g., the pulling member should be
minimally stretchable or extensible lengthwise. By "releasing the pulling member" is meant that the tension - generated
in the pulling member by pulling the pulling member - is released.
[0056] In contrast to the energy lost when transmitting energy from the proximal to distal end of a device, as is typical
of prior art devices, energy loss is minimized in the instant disclosure by use of the spring member and pulling member
combination. The apparatus of the disclosure comprising a pulling and releasing process is more efficient than pushing
a stiff wire, even when the path of the pulling member deviates from a straight path, for example when the catheter
flexes. The more efficient energy transfer feature provides improved penetration of partially or totally occluded vessels
as well as improved deliverability of PTA catheters. Accordingly, an advantage of the pulling member feature is that the
force will not significantly diminish in strength from the proximal end of the apparatus where the energy is generated to
the distal end of the apparatus, where the drilling component impacts the occlusion. Another major advantage is that
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the force is fully controlled by the user (amplitude and frequency), allowing the user to match the force to the occlusion
and keep the procedure safe. Various amplitude-force combinations can be achieved by appropriate choice of spring
member placed at the distal end of the catheter.
[0057] The system of the disclosure comprises a control unit that is capable of adjusting the force applied against the
occlusion by adjusting frequency or by adjusting the amplitude of oscillation of the vibratable member automatically or
at the behest of the operator, e.g., a physician. The operator may fine-tune the particular frequency or amplitude of
oscillation of the drilling component at any given time directly via the control unit or indirectly through an operator interface
unit operably connected to the control unit.
[0058] Occlusions, in particular vascular occlusions, tend to have nonuniform density and hardness. Penetrating harder
parts of an occlusion requires a relatively larger force than what is necessary for softer parts of the occlusion. The minimal
force necessary to recanalize a path through an occlusion is realized by the combination of frequency and amplitude of
vibration. Increasing the amplitude of vibration or increasing the frequency of vibration will increase the force. Decreasing
the amplitude or frequency of vibration will decrease the force.
[0059] Determining the appropriate force for a given occlusion may be done "by feel" by the physician operator, based
on the physician’s experience and diagnostic skill. The operator may adjust the vibration to provide an appropriate force
to penetrate an occlusion, by manually adjusting the frequency and/or amplitude of vibration directly through the control
unit. Alternatively, the apparatus may further comprise a sensor (e.g., a tissue sensor) designed to measure directly or
indirectly the hardness or stiffness of the biological matter forming the occlusion, and the amplitude and/or frequency of
vibration of the vibratable member may be adjusted based on feedback from the sensor.
[0060] The sensor may be, for example, a strain gauge sensor, a piezoresistor, a microstrain sensor, or a magnetic
sensor. A strain gauge is a device used to measure deformation (strain) of an object. The most common type of strain
gauge consists of an insulating flexible backing which supports a metallic foil pattern. The gauge is attached to the object
by a suitable adhesive, such as cyanoacrylate. As the object is deformed, the foil is deformed, causing its electrical
resistance to change. This resistance change, usually measured using a Wheatstone bridge, is related to the strain by
the quantity known as a gauge factor. Commercial example of such a strain gauge that may be useful in the present
disclosure is the Vishay 015DJ strain gauge (Vishay Intertechnology, Inc., Malvern, PA, U.S.A.). A piezoresistor is a
resistor made from a piezoresistive material having a sensitivity proportional to the piezoresistive gauge factor of the
piezoresistor, which is defined by the relative change in resistance with strain. Silicon is a common material with which
to form sensors comprising piezoresistors. Such piezoresistor sensors may comprise, for example, four 6-10 mm by
30-50 mm piezoresistors implanted in a high aspect-ratio cross-shape flexible element having a 525 mm high silicon
mesa, as described in Beccai, L. et al., "Design and fabrication of a hybrid silicon three-axial force sensor for biomechanical
applications," Sensors and Actuators A: Physical, Vol. 120, Issue 2, pp. 370-382, May 17, 2005. Piezoresistors are also
described in U.S. Patent Nos. 4,419,598 and 6,441,716, WO 2005/106417 describes strain sensors based on piezore-
sistor nanowires. Magnetoelastic sensors are low cost, miniature sensors with no moving parts, having other properties
expected useful for biological applications. Magnetoelastic sensors are described in U.S. Patent No. 7,062,981. Com-
mercial examples of such magnetoelastic sensors that may be useful in the present disclosure are DVRT Microminiature
Displacement Sensors (MicroStrain, Inc., Burlington, VT, U.S.A.).
[0061] The sensor may be located at the distal end of the catheter to directly measure the resistance the occlusion
impact element encounters against the occlusion. Occlusion hardness also may be determined by measuring how much
the spring member expands after the load is released. In one mode of operation for directly measuring expansion of the
spring member a magnetic sensor may be located in the catheter, for example attached to the internal catheter wall or
changes in the amount of expansion or rate of deceleration upon impact with the occlusion may indirectly measure
hardness or stiffness of the occlusion. The expected amplitude of oscillation of the vibratable member (i.e., vibration
force amplitude) may set by the operator, and if the spring member expands less than the set amount, the calculated
difference provides a measure of how much more pulling force is required to achieve the correct amplitude of oscillation
to penetrate the occlusion. In any mode of operation, the sensor may provide feedback to a processor that generates
a readable output for the operator who can manually adjust the energy pulse input and subsequent pulling force through
a control unit. Alternatively, the sensor may provide feedback directly to the control unit that can be made to adjust the
pulling force input automatically.
[0062] In one embodiment the system in which the apparatus comprises a sensor, a processor located in either the
control unit or user input-output device (also referred to herein as an operator interface unit) may analyze input from the
sensor or strain gauge to calculate tissue hardness or amplitude of vibration, and thereby allow the frequency and/or
amplitude of vibration to be adjusted automatically by the control unit or manually by the physician operator based on
operator-readable output from the operator interface unit. Optionally, the operator interface unit may include a display
unit, for example a display screen, for displaying information regarding occlusion hardness or amplitude of vibration in
a user-readable form. In embodiments in which the operator adjusts the vibrational energy source, the control unit or
operator interface unit may comprise one or more adjustor means for the operator to adjust manually the frequency
and/or amplitude of the pulling force generated by the vibrational energy source. The adjustor means may be, for example,
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knobs, dials, buttons levers and the like that permit adjustment of the amplitude or frequency of the pulling force generated
by the vibrational energy source, digitally or in analog, similar to a rheostat or potentiometer.
[0063] The system may further include a tension control system. The shape of the catheter changes as it encounters
curvatures in the vessel, which changes in the distance through the catheter that the pulling member must traverse. For
example, if the catheter is routed through a curved or tortuous lumen, the path that the pulling member takes through
the catheter lumen changes, for example tending toward the inside of the curve rather than through the middle of the
lumen. This can amount to about a 1% or so difference in distance from the vibrational energy source to the drilling
component of the apparatus, thereby affecting the efficiency of pulling the pulling member to effect oscillation at the
vibratable member at the distal end of the catheter. A shorter path may result in decreased tension on the pulling member,
and a greater pull amplitude by the vibrational energy source may be required to achieve a constant tension. In order
to accommodate changes in the pulling member path and control the pulling member tension, in one embodiment the
system may include a tension control mechanism that adjusts the length of the pulling member. In this way, the tension
of pulling member may be maintained at the desired constant tension, thereby improving efficiency of the apparatus.
The tension control mechanism may adjust the length of the pulling member. In a preferred aspect of this embodiment,
the length of the pulling member is adjusted in the region between the catheter body and the motor of the vibrational
energy source. In an alternative embodiment, the system may include a tension control mechanism that adjusts the
amplitude that the pulling member is pulled.
[0064] Exemplary embodiments are described in detail below with reference to the drawings. The drawings, which
are schematic and not necessarily to scale, are provided to depict particular aspects of the embodiments and are not
intended to limit the scope of the invention.
[0065] In the particular embodiment illustrated in FIGS. 1A-E, the spring member 20 is shown as a compression spring.
The pulling member 10 is attached, at its distal end, to a drilling component 30, which is attached to the distal end of
the spring member 20 (compression spring) and serves as the vibratable member. The spring member 20 is attached
at its proximal end to the distal end of the catheter 40. A compression spring is designed to provide resistance to
compressive forces. In accordance with the disclosure, the pulling member 10 is used to compress the spring member
20 (compression spring) at a tension (T), where T = kx, (k) is the spring constant and (x) is the spring deflection (also
referred to herein as "compression distance") - ideally, the distance the pulling member 10 is pulled. Upon release of
the tension on the pulling member 10, the spring member 20 (compression spring) naturally expands and preferably if
no resistance exists the spring member 20 (compression spring) expands further approximately a distance (y) before
returning to its unloaded position (0). In cases where the spring member meets resistance, such as an occlusion, the
spring will expand to the point it hits the occlusion and may not reach the expansion position attainable in the absence
of resistance. In such cases Δy will be less than Δyx, where yx is the natural expansion for a spring member compressed
by x (deflection = x). The optimal spring constant (k) for such a compression spring in accordance with the disclosure
is between about 0.1 - 10 Newton per mm.
[0066] FIGS. 1A-E illustrate more particularly in transverse section through the catheter tip 1 the status of an embod-
iment of the apparatus of the disclosure comprising a spring member that is a compression spring at different points in
time during one pulling cycle. In the context of this drawing, "one pulling cycle" means one pull and release of the pulling
member. FIG. 1A illustrates the elements of the catheter tip 1 at rest, the pulling member 10 having no tension and
spring member 20 bearing no load. As shown in FIG. 1B, when tension (T) is applied to the pulling member 10, the
spring member 20 is compressed, thereby storing energy. FIG. 1C illustrates the apparatus at some stage after the
pulling member 10 has been released, dropping the tension in the pulling member 10 to zero (T = 0). Upon release of
the pulling member 10 by the vibrational energy source (not shown), the spring member 20 expands in the axial direction.
Expansion of the spring member 20 moves the drilling component distally at a rate greater than 0 (V > 0). The rate of
mechanical movement (V, velocity) of the cap at the time illustrated in FIG. 1C, where kinetic energy is maximal as the
spring member 20 is midway between peak compression and peak expansion for the given applied tension (i.e., equivalent
to its resting position), may be expressed as V = 2π A sin(2π f•t), where A is the compression amplitude, f is the frequency,
and t is time. This velocity excludes forces exerted in the proximal direction by an occlusion. As shown in FIG. 1D, in
the absence of external resistance such as a vessel occlusion, the spring member 20 will continue to expand beyond
its resting position a distance (yx), which may be approximately equal to (x), where the velocity reaches zero again (V
= 0) and then naturally compress - providing a return force - towards its resting position (deflection = 0). In use, at this
point, the vibrational energy source will again pull the pulling member 10 a distance (x), as illustrated at the peak tension
(T = kx) in FIG. 1E.
[0067] The repeated pulling and releasing of the pulling member results in oscillation of the drilling component, which
is attached to the distal end of the spring member. The amplitude of oscillation of the drilling component may be controlled
by the distance the pulling member is pulled. The frequency of oscillation will be a function of the rate of pulling and
release of the pulling member and the spring constant. The frequency of the pulling/releasing generated by the vibrational
energy source preferably is lower than the natural frequency of the spring.
[0068] The embodiment illustrated in FIGS. 1A-E shows the pulling member attached to a drilling component, which
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may also be referred to as the vibratable member of the apparatus. Alternatively, the distal structure of the catheter tip
to which said pulling member may be attached is the spring member. The drilling component is the element of the
apparatus that, in use, comes into contact with the vessel occlusion and serves as the part of the apparatus that penetrates
and drills through the occlusion.
[0069] In a preferred embodiment, as illustrated in FIGS. 1A-E, the spring member is a compression spring. The pulling
cycles may be effected by a vibrational energy source. The vibrational energy source may mechanically pull the pulling
member, the pulling member may cause the spring member to compress, and the drilling component thereby may be
made to move proximally. Then, after tension in the pulling member is released, causing the spring member to expand,
the drilling component may be made to move distally.
[0070] In a preferred embodiment, the spring member has an open coil construction. By "open coil" is meant at least
two coils of the spring are spaced apart. For example, 2-10 coils may be spaced apart, or 5-20 coils may be spaced
apart. The total number of coils in the spring member will be a function of the length of the spring member, the spaces
between the coils, and the cross-sectional diameter of the wire that forms the coil.
[0071] Spring members other than compression springs may operate in the same manner in accordance with the
disclosure. For example, the spring member may be a helical spring, a leaf spring, a bellows, or a compressible polymer.
Alternatively, where the amplitude of the vibration is desired to be smaller and the frequency and force higher, the pulling
member may be attached at a point on the spring member proximal of the distal end of the spring member.
[0072] In one embodiment, the spring member is a bellows. As used herein, the bellows is essentially a sealed element
which has a return force (spring constant) built into it and may be, for example, a sealed coated spring or corrugated
tube comprising a compression spring. The bellows may have an open design or a closed design. By "closed design"
for a bellows is meant that one end of the bellows is closed, as a cup; by "open design" for a bellows is meant that both
ends of the bellows are open, as a tube. For the closed design, the closed end would be located at the distal end. Thus,
where the bellows is a closed design, the bellows is operably connected at its distal closed end to the pulling member.
The structures of these bellows may be designed so that they may be contracted upon load from the pulling member
and returned (expanded) by the internal spring force upon removal of the external load. Bellows useful in the present
disclosure are available from, for example, MS Bellows, 5322 McFadden Ave, Huntington Beach, CA 92649. The terms
"bellows" and "spring bellows" are used interchangeably herein. Alternatively, the ordinarily skilled artisan can make a
distal bellows by covering a spring with a polymer or embedding a spring in a polymer, such that the polymer membrane
is extensible in the longitudinal (axial) direction. Preferably the polymer material has a lower durometer (shore) than the
material making up the outer walls of the catheter.
[0073] In this embodiment the pulling member may be attached to the distal end of a closed bellows or to the drilling
component, which is operably attached to the distal end of the bellows. In this arrangement, similar to the compression
spring, when the vibrational energy source exerts a tension on the pulling member, the pulling member causes the
bellows to compress, so that the distal end of the bellows is deflected by distance (x). When the vibrational energy source
releases the tension on the pulling member, the bellows expands, and the distal end of the bellows is returned to its
unloaded position (deflection 0), and preferably moves distally beyond (0) to a deflection of approximately (y) distally,
before returning to the unloaded position (0).
[0074] According to this embodiment, the bellows are intended to compress upon load from the pulling member and
expand upon removal of the load. The repeated loading and unloading of the bellows results in an oscillation of the distal
end of the bellows to which is attached the drilling component.
[0075] In general, the drilling component 30, 130, 230, 330, 530 may taper distally in order to decrease the crossing
profile of the catheter tip. Tapering will result in a decreased entry profile and thereby improve deliverability and crossability
through narrowed and/or stenosed vessels and/or calcified lesions. For some applications, it may be preferable that the
inner diameter of the tapered drilling component (the lumen diameter) does not itself taper. In such embodiments, the
drilling component has an inner diameter (lumen diameter) that is constant along the entire length of the drilling component.
In other words, the inner diameter is the same along the axial length of the drilling component, while the outer diameter
gradually decreases in the distal direction. Alternatively, the inner diameter of the drilling component may narrow distally,
but at a lower rate than the narrowing of the outer diameter, i.e., having less taper than the outer diameter. It is the
narrowing (rate of decrease) of the outer diameter that determines the actual extent of tapering of the drilling component.
In one embodiment, the spring member also tapers distally, and in a particular aspect of this embodiment the spring
member, like the drilling component, has an outer diameter that tapers and an inner luminal diameter that does not taper
- i.e., has a constant or near constant diameter.
[0076] One advantage in having a drilling component, or catheter tip (spring member and drilling component), with
constant or near-constant inner diameter is that this design may control and limit internal friction between the drilling
component (or catheter tip) and the guide wire that passes therethrough. Another advantage lies in limiting the friction
between the drilling component (or catheter tip) and the mandrel on which the catheter is mounted during manufacturing.
[0077] FIG. 2 illustrates an example of a catheter tip 101 comprising a spring member 120 and drilling component 130
for use in the apparatus of the disclosure. In this embodiment the drilling component is tapered, the outer diameter and
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inner diameter tapering at the same rate (shown) or at different rates (not shown), and the spring member 120 is not
tapered. The embodiment depicted in FIG. 2 also illustrates a single coiled wire spring having a distal section and a
proximal section, wherein the distal section is the tightly coiled drilling component 130 and the proximal section is the
open coil spring member 120.
[0078] Exemplary embodiments of tapered drilling components having a constant inner diameter for use in the catheter
tips are illustrated in FIGS. 3A and 3B. The spring member may also taper distally and, as shown in FIG. 3A. In this
aspect, the tapered spring member may have an inner luminal diameter that is constant or near constant. In another
aspect (not shown) the spring member inner luminal diameter tapers at a lesser rate than the outer diameter.
[0079] One method of tapering the outer diameter of the drilling component while maintaining a constant or near
constant inner diameter is to manufacture the catheter tip as a coiled wire from a tapered wire. By "tapered wire" is
meant a wire having a decreasing cross-sectional diameter 231 along its length. Such a tapered catheter tip comprising
a tapered spring member 220 (having spaced coils) and tapered drilling component 230 (tightly coiled) is illustrated in
FIG. 3A. In one non-limiting embodiment, the cross-sectional diameter 231 of the wire may be 0.1 mm at a first end
(proximal end 246 of the wire coil) and the cross-sectional diameter 231 of the wire may be 0.05 mm at a second end
(distal end 245 of the wire coil). Other gradations of wire cross-sectional diameter 231 may be used, depending on the
degree of taper desired for the spring member 220 and drilling component 230. For example, the cross-sectional diameter
of the tapered wire may decrease from 30-70% between the first end and second end. Obtaining a tapered outer diameter
while maintaining a constant inner, luminal diameter for the spring member 220 and drilling component 230 formed from
a tapered wire may be ensured during manufacturing by winding the tapered wire on a fixed diameter mandrel. The
inner, luminal diameter of the resultant wire coil spring member 220 and drilling component 230 remains constant or
near constant, and the effect of the decreasing wire diameter will translate into a reduced outer diameter for the resultant
catheter tip 201. Similarly, an inner, luminal diameter having a lesser taper than the outer diameter may be achieved
during manufacture by winding the tapered wire on a mandrel having a taper rate less than that of the cross-sectional
diameter of the tapered wire.
[0080] Optionally, the proximal end of the spring member may include a tightly packed section of coils, as illustrated
in FIG. 3A, indicated as region A.
[0081] FIG. 3B illustrates another embodiment of a tapered drilling component 330 having a distally tapering outer
diameter and a constant or near constant an inner (lumen) diameter. A method for producing the embodiment of FIG.
3B involves starting with a non-tapered drilling component (e.g., a coil having a constant outer diameter along its length),
and exposing the outer surface of the drilling component to laser radiation or chemical etching, or any other means of
grinding or abrading the outer surface of the wire coil, to produce a gradually reduced cross-sectional diameter 331 of
the wire coil toward the distal end 345. The coil of the drilling component 330 is thereby rendered to taper distally on its
outer surface, while the inner luminal diameter remains substantially constant. Thus, in one aspect of this embodiment,
the starting wire cross-sectional diameter may be, for example, 100 micrometers and may be reduced in the distal
direction by between about 30-70% from the proximal end 346 to the distal end 345 of the drilling component 330. After
abrading the outer surface of the coils to the desired taper, the drilling component 330 may be polished to effect a smooth
surface to minimize damage to vessel walls.
[0082] The apparatus and system are compatible for use with imaging components to assist the operator in determining
the location of the distal end of the catheter relative to the target occlusion or vessel walls during operation of the device.
Thus, the apparatus or system may further comprise imaging components and an imaging system, for example, IVUS,
OCR, Doppler ultrasound or other imaging systems known in the art. The catheter may further comprise one or more
lumens for optional components, such as a lumen for visualization or imaging component - for example, IVUS, OCR,
Doppler ultrasound, fiber optics, or contrast agents, as well as an auxiliary lumen for housing such useful components
as steering components or other therapeutic components. A lumen may be designed to function as a guide wire lumen
for insertion of the catheter into the body lumen, and then when the guide wire is not needed, it may be removed and
the lumen may be used to deploy a visualization device for use during operation of the apparatus - e.g., penetration and
traversal of an occlusion. Alternatively, this lumen can be used for suction of debris away from the drilling area during
penetration of the occlusion.
[0083] In any one of the embodiments of the disclosure, the apparatus may optionally include a catheter anchoring
element that secures the catheter to the walls of the blood vessel. The catheter anchoring element may be used to
stabilize the catheter within the body lumen during operation, so as to prevent substantial movement in response to the
vibrational forces and to secure the catheter to the walls of the blood vessel to improve vibration force delivery. The
catheter anchoring element may be serviced by an anchoring element lumen. The catheter anchoring element may be,
for example, one or more expandable balloons. In such an embodiment, the anchoring element lumen may be an inflation
lumen filled with a fluid, preferably a liquid, more preferably a biologically compatible liquid, and used to inflate (expand)
the one or more expandable balloons to secure the catheter in the blood vessel. Securing the catheter in this manner
will make the vibration forces more effective in treating certain types of occlusions.
[0084] The apparatus may further comprise a sensor for measuring the hardness of the occlusion to be penetrated.
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FIGS. 4A-C illustrate aspects of a tissue sensor and its operation with respect to the disclosure. In particular, FIGS. 4A-
C illustrate one way to measure whether desired amplitude is achieved, using a tissue sensor comprising a probe, strain
gauge and touch sensor. For clarity of illustration, the drilling component at the distal end of the spring member 420 is
not shown in FIGS. 4A-C.
[0085] The system may be set by the operator to achieve desired displacement, or target penetration amplitude (Ao).
The target amplitude, Ao, may not be achieved, however, if the applied force does not match the occlusion hardness,
and the achieved amplitude (A) must be determined. The achieved amplitude, A, may be monitored via a sensor in any
one of several ways described below or that will become apparent to the person of ordinary skill in the art in view of the
examples set forth below. For example, achieved amplitude, A, may be measured directly, for example using a strain
gauge or by measuring displacement of the distal end of the spring member 420. In such embodiments, the sensor may
comprise a probe 451, strain gauge 452, and touch sensor 453, which, as depicted in FIGS. 4A-C, measure occlusion
hardness separate from stress on the drilling component. Alternatively, the sensor may comprise a magnetic sensor
560 that may be attached directly to the drilling component 530, as depicted for example in FIGS. 5A-B to measure the
amplitude of vibration of the drilling component 530. As the apparatus comprises a spring member 520 that is compressed
by pulling the pulling member 510 and upon release expands to exceed its resting position to an extension state,
penetration amplitude may be determined by measuring the actual extension distance (achieved amplitude, A, affected
by resistance generated by the occlusion) and comparing the expected extension distance of the spring member 520.
[0086] The force required to penetrate an occlusion may be estimated using Eq. 2: 

where F is the force applied to the object, E is Young’s Modulus (hardness or stiffness) of the occlusion, S is the original
cross-sectional area through which the force is applied (i.e., the cross-sectional area of the probe or sensor), ΔL is the
amount by which the length of the object changes, and Lo is the original length of the object. To define the mechanical
properties of the occlusion tissue, so as to adjust the frequency and amplitude for penetration, two parameters should
be monitored: force (F) and displacement (L). Of the other parameters of Eq. 2, S - the cross-sectional area of the probe
or sensor (which may be a guide wire or other element with known dimensions) - is known, whereas L - the length of
occlusion - is unknown. Nevertheless, the force required to penetrate a tissue of unknown hardness may be determined,
as illustrated in FIGS. 4A-C. A catheter 440, a spring member 420 attached to the distal end of the catheter 440, and
sensor is provided. The sensor comprises a probe 451, a strain gauge 452, and a touch sensor 453. There are two
modes in the working cycle, the measurement mode and the vibration mode. First in the sequence is the measurement,
second in the sequence is vibration. In measurement mode, when the touch sensor 453 is placed close to the occlusion
470 and touches it, as shown in FIG. 4A (a contact the physician-operator can feel), the measurement mode is switched
on. Measurement mode is a single pulse mode, and the probe may penetrate into the occlusion.
[0087] As force (F) is a function of mass (m) and acceleration (apeak), an applied force in vibration may be defined as
set forth in Eq. 4: 

Thus, in accordance with Eq. 3, the amount of force to apply is determined by displacement ΔL and frequency ƒ. Fixing
ΔL (stroke or amplitude of vibration, equivalent to the movement of the distal end of the spring) at a specific target value,
for example, 0.1 mm (a value determined from a safety standpoint), force F may be changed by varying the frequency
ƒ. At the starting point, the force pulse is provided at a defined frequency ƒ and amplitude A. FIG. 4B illustrates an
applied force that is sufficient to penetrate the occlusion at the full depth ΔL. That the target displacement as been
achieved may be confirmed with a magnetic sensor, which may provide signals proportional to bending or strain of the
probe. See FIGS. 5A-B. In some cases, the pulling member may be made of material that stretches slightly when a
critical pulling force is exceeded. Practically, the catheter is unlikely to be completely straight, but rather may be curved
or undulating due to the shape of the body lumen, especially in blood vessels. This means that the initial pulling force
provided by the vibrational energy source may be absorbed in the pulling member to some extent and cannot be taken
at face value for an estimation of occlusion hardness or target amplitude, A0. Moreover, the operator may push the
catheter with unknown force, which cannot be controlled or readily measured by the apparatus. In such circumstances,
not only the occlusion length but also the actual applied force at the distal end is approximate. Nevertheless, under such
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conditions, estimation of occlusion tissue mechanical characteristics may be made in relative rather than absolute terms,
i.e., values at the distal end can be calibrated from the values at the proximal end. If the initial inputted vibration force
is Fo with stroke (amplitude) ΔL0 at the proximal point, it will reach values F1 and ΔL1 at the distal point. Thus, if the
applied force is sufficient to penetrate into the occlusion tissue 470, the penetration depth will be almost the same as
stroke value ΔL1 or amplitude as shown on FIG. 4B. By contrast, if the applied force is insufficient for full penetration,
the probe 451 may bend, as illustrated in FIG. 4C, and the strain gauge sensor 452 may provide a corresponding signal.
In this scenario, the applied force may be increased by changing its frequency (frequency-dependent vibration mecha-
nism) or its amplitude (amplitude-dependent vibration mechanism).
[0088] FIGS. 5A and 5B illustrate a sensor for directly measuring the amplitude of vibration of the drilling component.
A magnetic sensor 560 may be attached to the internal catheter 540 wall, or to the internal wall of a sensor lumen within
the catheter (not shown), and operably connected to the drilling component 530 via a magnetic rod 562. The magnetic
rod 562 is movable with the oscillation of the drilling component 530 by pulling and releasing of the pulling member 510.
FIG. 5A depicts the position of the magnetic rod 562 relative to the magnetic sensor 560 when the pulling member 510
has been pulled to compress a spring member 520. FIG. 5B depicts the position of the magnetic rod 562 relative to the
magnetic sensor 560 when the pulling member 510 when the spring member 520 is at no load. The amplitude of vibration
of the drilling component 530 is thereby measureable using the magnetic sensor 560. Alternatively, the magnetic rod
562 may be connected directly to the distal end of the spring member 520 (embodiment not shown). In either embodiment,
the magnetic sensor 560 measures directly the achieved amplitude at the distal end of the catheter 540. The achieved
amplitude may be less than the target amplitude due to, for example, the resistance encountered by impacting the
occlusion. The magnetic sensor 560 depicted in FIGS. 5A-B is a linear variable differential transformer (LVDT) and
shows the magnetic rod 562 moveable within the coils 561 of the LVDT, however other magnetic sensors may also be
used for direct measurement of achieved amplitude of vibration in accordance with the disclosure.
[0089] The disclosure encompasses a method of controlling the vibration force. FIG. 6 illustrates one way a control
unit might be used in accordance with the disclosure to monitor penetration amplitude and adjust the amplitude of
oscillation if necessary. Control of the frequency and amplitude of vibration is best understood in the context of penetrating
an occlusion, such as a vascular occlusion. When the system is used to penetrate a vessel occlusion, complete penetration
may occur over a series of penetration cycles in which frequency and a target amplitude are set prior to initiating vibration
in the apparatus, and then adjusted by the control unit throughout the penetration cycle. Each penetration cycle may
involve a series of vibration "cycles", in which the effectiveness of the vibration is periodically measured, and the force
adjusted as necessary in a manner to maximize both safety and success of penetration. As discussed above, in one
mode of operation, the desired penetration amplitude (stroke) may be set at a fixed distance. The control unit of the
system of the disclosure may be used to monitor whether this target penetration amplitude is achieved and to adjust the
amplitude and/or frequency of vibration to increase the vibration force accordingly, based on Eq. 4: 

Thus, in such a mode of operation, at the beginning of a penetration cycle, the apparatus may be placed at a first surface
of an occlusion, and series of vibration cycles (C) is initiated wherein the control unit controls the force of vibration in
response to information from the sensor by adjusting the frequency and/or amplitude of vibration. Once the first surface
is penetrated, the apparatus may be advanced to a new face or surface of the occlusion, and a new penetration cycle
may be commenced. In this way, the surface of the occlusion may be penetrated in a step-by-step fashion.
[0090] Preferably, a penetration cycle (P) begins after initializing the control unit with control information - values
relating to amplitude, frequency and vibration adjustment iterations. The control information may be built into the control
unit or may be set by the operator. In the embodiment depicted in FIG. 6, the control unit receives the control information
from the operator, who sets the initial (target) displacement or amplitude (Ao), a maximal displacement (Amax) - taking
into account safety considerations, an initial frequency (ƒ0) - based on assessment of the plaque density, a maximal
frequency (ƒmax), and a maximal iteration (Imax). The target amplitude may be, for example, between about 20 mm and
about 200 mm. The maximum amplitude may be determined by the operator, for example, based on the lumen diameter
and other factors familiar to the skilled artisan. The initial frequency (ƒ0) and maximum frequency (ƒmax) may be deter-
mined by the operator based on, for example, the particular occlusion to be penetrated and the physical limits of the
apparatus or system being used. The control unit preferably has an iteration counter for counting iterations in which the
vibration force is changed. The iteration count (I) is not a measure of the number of vibration cycles (V), rather the
iteration count is increased only when frequency and/or amplitude are increased. Thus, a vibration cycle (C) may or may
not include an adjustment of frequency and/or amplitude, depending on the achieved amplitude (see below). A maximum
iteration value (Imax) may provide either a safety measure (as it may reflect increase in vibration force, as shown below)
or a means for an operator to periodically assess the success of the penetration cycle and make adjustments to the



EP 3 102 125 B9

15

5

10

15

20

25

30

35

40

45

50

55

procedure as necessary, or both. The series of vibration cycles (C) in the penetration cycle (P) preferably are continuous
until the penetration cycle is stopped either by the control unit or the operator. Thus, as used herein, "beginning" or
"initiating" a vibration cycle (C) is meant the point in the series of vibrations after the achieved amplitude is compared
to the control information. A vibration cycle (C) may be based on units of time or the number of vibrations. Specifically,
a vibration cycle (C) can be a predetermined length of time (e.g., 5 seconds or 10 seconds) or a predetermined number
of vibration peaks (frequency x time, e.g., number of times the occlusion impact element contacts the occlusion face).
[0091] In accordance with the control scheme embodiment illustrated in FIG. 6, after receiving the control information,
the control unit sets the iteration count (I) at zero (Step 1). The vibrational energy source is made to generate a pulling
force on the pulling member, and a vibration cycle (C) is begun (Step 2). The pulling force having a working amplitude
(Ai) is expected to generate a distal displacement beyond the resting position of the spring. Distal displacement, or
achieved amplitude (A), is measured, preferably via the sensor, and periodically transmitted to be received by the control
unit (Step 3), which compares the achieved amplitude (A) to the target amplitude (A0) (Step 4). If the achieved amplitude
(A) is less than target amplitude (A0), then an iteration count (I) is added (Step 5a), i.e., I + 1, and the working amplitude
(Ai) and/or working frequency (ƒi) increased (Step 6) to increase vibration force, in accordance with Eq. 5: 

where subscript "i" reflects the current iteration count. The force of the oscillated system is proportional to the square of
the frequency and amplitude, as shown in Eq. 4 and 5. It is believed that, from a clinical perspective it is better to work
at low amplitude, preferably in the range of up to approximately 100 mm (0.1 mm). Thus, to maintain safety of the
occlusion penetration procedure, is preferable to increase force by increasing frequency, however the physical structure
of the apparatus may impose upper limits on the frequency. So to achieve adequate force for penetration of an occlusion,
either frequency or amplitude may be increased up to the maximum values set in the control information. The gain of
the amplitude and/or frequency may be increased by about 2% to about 5% each iteration. Thus, for a given total increase
in force in a penetration cycle, the number of iteration counts may depend on the percent gain used.
[0092] After the vibration force is increased, the iteration count (I) is compared to the maximum iteration value (Imax),
and the working amplitude (Ai) and working frequency (ƒi) are compared to maximum amplitude (Amax) and maximum
frequency (ƒmax), respectively (Step 7). If the iteration count (I) is less than the maximum iteration value (Imax), or if the
working amplitude (Ai) is less than the maximum amplitude (Amax) and the working frequency (fi) is less than the maximum
frequency (ƒmax), the next vibration cycle (C) is initiated (Step 2) at the new working amplitude, new working frequency
and new iteration count; the achieved amplitude (A) is again received (Step 3) and compared to the initial (target)
displacement (A0) (Step 4), and the cycle continues. However, if after increasing the force, the iteration count (I) is not
less than the maximum iteration value (Imax), and the working amplitude (Ai) is not less than the maximum amplitude
(Amax) or the working frequency (ƒi) is not less than the maximum frequency (ƒmax), then the vibration cycle (C) and
penetration cycle (P) are stopped (Step 8), and the apparatus may be repositioned within the lumen and a new penetration
cycle commenced, or the occlusion penetration is ended.
[0093] If, after comparing the measured displacement (achieved amplitude, A) to target amplitude (A0) (Step 4), the
achieved amplitude (A) is not less than the target amplitude (A0), then the achieved amplitude (A) is compared to the
maximum amplitude (Amax) (Step 5b). If the achieved amplitude (A) is less than the maximum amplitude (Amax), the
iteration count (I) set to zero (Step 1), and a new vibration cycle is initiated (Step 2) at the same working frequency (ƒi)
and working amplitude (Ai), etc. However, if the achieved amplitude (A) is not less than the target amplitude (A0) (Step
4) and also is not less than the maximum amplitude (Amax) (Step 5b), the vibration cycle (C) and penetration cycle (P)
are stopped (Step 8), and the apparatus may be repositioned within the lumen and a new penetration cycle commenced,
or the occlusion penetration is ended.
[0094] Thus, an exemplary method of controlling the frequency and amplitude vibration, and hence the force of vibration,
of the apparatus of the disclosure is provided. In one embodiment, the method for controlling a force of vibration is based
on the scheme depicted in FIG. 6. Thus, one method of controlling a force of vibration comprises: a) receiving initial
control parameters; b) initiating a vibration iteration cycle comprising at least one pull and release of a pulling member
by a vibrational energy source sufficient to vibrate a drilling component at a vibration force (F), wherein said pulling
member is attached to a drilling component located at a distal end of a spring member and at a proximal end to said
vibration energy source, wherein said spring member is attached at a proximal end to a distal end of a catheter, said
catheter houses said pulling member, and said drilling component is attached to said distal end of said spring member,
and wherein said pull and release of said pulling member effects a compression and expansion of said spring member;
c) receiving an achieved amplitude value input for said vibration iteration cycle; and d) adjusting said vibration force in
accordance with said achieved amplitude value. In one aspect, said receiving initial control parameters includes (i)
receiving a target amplitude value input; ii) receiving a maximum amplitude value input; iii) receiving an initial frequency
value input; iv) receiving a maximum frequency value input; and v) receiving a maximum iteration value input. In another
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aspect said initiating includes (i) initializing an iteration count to zero; and (ii) commencing said vibration iteration cycle
in said apparatus, wherein said at least one pull and release occurs at an initial frequency and a target amplitude. In yet
another aspect said adjusting includes (i) comparing said achieved amplitude value to a target amplitude value and to
a maximum amplitude value; (ii) increasing an iteration count by one when said achieved amplitude value is less than
said target amplitude value, setting said iteration count to zero when said achieved amplitude value is not less than said
target amplitude value, and stopping said vibration iteration cycle when said achieved amplitude value is not less than
said target amplitude value and not less than said maximum amplitude value; and (iii) increasing said force of vibration
by increasing a frequency gain and/or an amplitude gain by about 2-5% in accordance with the equation F=Ai x ƒi

2 to
generate a new working frequency (ƒi) and/or a new working amplitude (Ai) if said iteration count is increased by one.
In a further aspect, said method includes e) comparing said iteration count to a maximum iteration value, comparing
said working amplitude to a maximum amplitude value, and comparing said working frequency to a maximum frequency
value; f) initiating a new vibration iteration cycle in said apparatus: if said iteration count is less than said iteration
maximum value, or if said working amplitude is less than said maximum amplitude value and said working frequency is
less than said maximum frequency value; and g) stopping said vibration iteration cycle: if said iteration count is not less
than said iteration maximum value, and if said working amplitude is not less than said maximum amplitude value or said
working frequency is not less than said maximum frequency value. The method also is applicable where the pulling
member is attached to the spring member.
[0095] Another exemplary method of controlling a force of vibration comprises: a) receiving initial control parameters;
b) initiating a vibration iteration cycle comprising at least one pull and release of a pulling member sufficient to vibrate
a drilling component at a vibration force (F); c) receiving an achieved amplitude value input for said vibration iteration
cycle; and d) adjusting said vibration force in accordance with said achieved amplitude value. The step of receiving
control information may further include: (i) receiving a target amplitude value input; ii) receiving a maximum amplitude
value input; iii) receiving an initial frequency value input; iv) receiving a maximum frequency value input; and v) receiving
a maximum iteration value input. The step of initiating a vibration cycle may further include: (i) initializing an iteration
count to zero; and (ii) commencing said vibration iteration cycle in said apparatus, wherein said at least one pull and
release occurs at an initial frequency and a target amplitude. The step of adjusting said vibration force may further
include: (i) comparing said achieved amplitude value to a target amplitude value and to a maximum amplitude value;
(ii) increasing said iteration count by one when said achieved amplitude value is less than said target amplitude value,
setting said iteration count to zero when said achieved amplitude value is not less than said target amplitude value, and
stopping said vibration iteration cycle when said achieved amplitude value is not less than said target amplitude value
and not less than said maximum amplitude value; and (iii) increasing said force of vibration by increasing a frequency
gain and/or an amplitude gain by 2-5% in accordance with the equation F=Ai x ƒi

2 to generate a new working frequency
(ƒi) and/or a new working amplitude (Ai) if said iteration count is increased by one. This embodiment of the method of
controlling a force of vibration may further comprise: e) comparing said iteration count to a maximum iteration value,
comparing said working amplitude to a maximum amplitude value, and comparing said working frequency to a maximum
frequency value; f) initiating a new vibration iteration cycle in said apparatus: if said iteration count is less than said
iteration maximum value, or if said working amplitude is less than said maximum amplitude value and said working
frequency is less than said maximum frequency value; and g) stopping said vibration iteration cycle: if said iteration
count is not less than said iteration maximum value, and if said working amplitude is not less than said maximum
amplitude value or said working frequency is not less than said maximum frequency value.
[0096] In another embodiment, the exemplary method comprises: a) receiving a target amplitude value input, a max-
imum amplitude value input, a target frequency value input, a maximum frequency value input, and a maximum iteration
count input; b) initializing an iteration count to zero; c) initiating a vibration iteration cycle comprising at least one pull
and release of a pulling member sufficient to vibrate a drilling component for an iteration at a force of vibration (F); d)
receiving an achieved amplitude value input for said vibration iteration cycle; e) comparing said achieved amplitude
value to said target amplitude value; f) increasing said iteration count by one and increasing said force of vibration by
increasing a frequency gain and/or an amplitude gain by 2-5% in accordance with the equation F=Ai x ƒi

2 to generate
a working frequency (ƒi) and/or an working amplitude (Ai) if said achieved amplitude value is less than said target
amplitude value, and then proceeding to step (j); g) comparing said achieved amplitude value to said maximum amplitude
value if said achieved amplitude value is not less than said target amplitude value; h) initializing said iteration count to
zero if said achieved amplitude value is less than said maximum amplitude value, and recommencing method at step
(c); i) proceeding to step (m) if said achieved amplitude value is not less than said maximum amplitude value; j) comparing
said iteration count to said maximum iteration count, comparing said working amplitude to said maximum amplitude
value and comparing said working frequency to said maximum frequency value; k) recommencing method at step (c):
if said iteration count is less than said maximum iteration count, or if said working amplitude is less than said maximum
amplitude value and said working frequency is less than said maximum frequency value; I) proceeding to step (m): if
said iteration count is not less than said maximum iteration count, and if either said working amplitude is not less than
said maximum amplitude value or said working frequency is not less than said maximum frequency value; and m)
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stopping said vibration iteration cycle.
[0097] The above-described embodiment is only exemplary and is not intended to limit the ways in which a control
unit might operate. Any number of control schemes for adjusting the frequency and/or amplitude of vibration may be
used. For example, a control scheme may include reducing the vibration force by decreasing the working amplitude
when the achieved amplitude is not less than the target amplitude and not less than the maximum amplitude for one or
more iterations, before stopping the vibration cycle and penetration cycle.
[0098] As described above, there are several ways to monitor the achieved amplitude (A). It can be done using a
tissue sensor to measure occlusion hardness or degree of occlusion penetration or using a magnetic sensor to measure
displacement of the distal end of the spring member. Preferably, the occlusion penetration procedure begins at a minimal
force, which is gradually increased according to the hardness of the tissue. A control algorithm also may be used to
calculate the force required based on the feedback regarding occlusion hardness.
[0099] In view of the exemplary method of adjusting a force of vibration, the exemplary method of traversing a vessel
occlusion may further include the step of adjusting the frequency and/or amplitude of vibration via a control unit based
on occlusion hardness using an embodiment of the above exemplary method of controlling force of vibration. Preferably,
where the vibration frequency is adjusted to achieve an appropriate force based on information regarding occlusion
hardness or displacement of the distal end of the spring member, the device includes a sensor and the occlusion hardness
and spring displacement is determined from information from the sensor. In some embodiments, the adjusting step may
be performed manually, in other embodiments the adjusting step may be performed automatically. In particular, the
exemplary method may comprise treating a chronic total occlusion in a blood vessel.
[0100] Thus, utilizing the apparatus of the disclosure encompasses in one embodiment, an exemplary method of
traversing an occlusion in a body lumen, comprising: (a) introducing into said body lumen having said occlusion a catheter
comprising a spring member, a drilling component, and a pulling member; wherein said spring member has proximal
end and a distal end, said spring member attached at its proximal end to a distal end of said catheter and attached at
its distal end to said drilling component; and wherein said pulling member has proximal end and a distal end, said pulling
member attached at its distal end to a drilling component located at said distal end of said spring member, and operably
connected at its proximal end to a vibrational energy source, said vibrational energy source capable of pulling and
releasing said pulling member; (b) advancing said catheter until said drilling component contacts a first face of said
occlusion; (c) generating a series of pull and release units via said vibrational energy source sufficient to vibrate said
drilling component, wherein said series of pull and release units comprises at least one frequency and at least one
amplitude; and (d) using said vibrations of said drilling component to penetrate said first face of said occlusion. In another
embodiment, the exemplary method further comprises: (e) stopping said vibration; (f) advancing said catheter to contact
a new face of said occlusion; (g) repeating steps (a)-(d) until said new face of said occlusion is penetrated; and (h)
repeating steps (a)-(g) until said occlusion is completely penetrated.
[0101] The exemplary method may further comprise the step of adjusting said at least one frequency and/or said at
least one amplitude of vibration via a control unit based on occlusion hardness. In one aspect, said catheter includes a
sensor and said occlusion hardness is determined from information from said sensor. In another embodiment the ex-
emplary method further comprises the step of adjusting said at least one frequency and/or said at least one amplitude
of vibration via a control unit based amplitude of vibration of said drilling component. In one aspect, said catheter includes
a sensor and said amplitude of vibration is determined from information from said sensor. In a further aspect of any of
the above embodiments, said adjusting is done manually. In another further aspect of any of the above embodiments
said adjusting is done automatically. In one aspect, said body lumen is a blood vessel.
[0102] As is evident by the descriptions above, the apparatus and system are compatible for use with guide wires,
which are useful for guiding a catheter through a body lumen, in particular for guiding a catheter through a blood vessel.
Stiff guide wires are used in the art for recanalizing blood vessel occlusion. In some cases, physicians prefer to use a
stiff guide wire to penetrate a vascular occlusion but demand additional means to effect penetration where the occlusion
is particularly difficult and perhaps safety is a concern. The apparatus and system of the invention provide that additional
means; the apparatus and system of the invention are compatible with using a stiff guide wire in addition to the pull
wire/spring member system to penetrate blood vessel occlusions, including total chronic occlusions. Accordingly, utilizing
the apparatus of the disclosure encompasses an exemplary method of treating a chronic total occlusion in a body lumen
by supplementing the method of penetrating an occlusion described above with using the tip of a guide wire to penetrate
the occlusion. Thus, in one aspect of the exemplary method of treating an occlusion, said catheter includes a stiff guide
wire, and said method further comprises advancing said stiff guide wire to penetrate said face of said occlusion alternately
with steps (c)-(d). In another aspect, the exemplary method of treating an occlusion further comprises advancing said
stiff guide wire to penetrate said face of said occlusion alternately with (c) generating a plurality of pulling and releasing
cycles via said vibrational energy source sufficient to vibrate a drilling component, wherein said plurality of pulling and
releasing cycles comprises at least one frequency and at least one amplitude, and said drilling component is located at
a distal end of said spring member; and (d) using said vibrations of said drilling component to penetrate said first face
of said occlusion.
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[0103] It will be appreciated by persons having ordinary skill in the art that many variations, additions, modifications,
and other applications may be made to what has been particularly shown and described herein by way of embodiments,
without departing from the scope of the invention. Therefore it is intended that scope of the invention, as defined by the
claims below, includes all foreseeable variations, additions, modifications or applications.

Claims

1. An apparatus, comprising:

a catheter (40) having a proximal end and a distal end;
a spring member (20, 120, 220) having a proximal end and a distal end, said proximal end of said spring member
(20, 120, 220) being affixed to said distal end of said catheter (40), said spring member (20, 120, 220) comprising
a compression spring;
a pulling member (10) housed within said catheter (40), said pulling member (10) having a proximal end and a
distal end, said distal end of said pulling member (10) affixed to a distal structure selected from the group
consisting of said spring member (20, 120, 220) and said drilling component (30, 130, 230);
characterized in a drilling component (30, 130, 230) contiguous with said distal end of said spring member
(20, 120, 220) and functionally attached thereto, said drilling component (30, 130, 230) comprising a spring
having at least two tightly packed neighboring coils extending to a distal most end of the apparatus.

2. The apparatus of claim 1, wherein said pulling member (10), when pulled and released compresses and releases
said spring member (20, 120, 220) thereby effecting at least one oscillation of said drilling component (30, 130, 230).

3. The apparatus of claim 1 or 2, wherein said drilling component (30, 130, 230, 330, 530) and/or said spring member
(20, 120, 220) tapers distally.

4. The apparatus of any one of claims 1-3, wherein said drilling component (230, 330) and/or said spring member (20,
120, 220) has an outer diameter that tapers distally and an inner luminal diameter that is constant or near constant.

5. The apparatus of any one of claims 1-3, wherein said drilling component (230, 330) and/or said spring member (20,
120, 220) has an outer diameter that tapers distally at a first rate and an inner luminal diameter that tapers distally
at a second rate, said second rate less than said first rate.

6. The apparatus of any one of claims 1-5, wherein said pulling member (10) is attached to said drilling component
(30, 130, 230) or to said spring member (20, 120, 220).

7. The apparatus of any one of claims 1-6, wherein said pulling member (10) is affixed to said distal end of said spring
member (20, 120, 220).

8. The apparatus of any one of claims 1-7, further comprising a vibrational energy source operably connected to said
proximal end of said pulling member (10), wherein said vibrational energy source oscillates said drilling component
(30, 130, 230) by repeatedly pulling and releasing said pulling member (10).

9. The apparatus of claim 8, wherein said vibrational energy source is selected from the group consisting of: an engine
having a reciprocating member, a shaker, an actuator, and a solenoid.

10. The apparatus according to any one of claims 1-9, further comprising a catheter anchoring device.

11. A system, comprising:

the apparatus of any one of claims 1 -10; and
a control unit adapted to control said vibrational energy source.

12. The system according to claim 11, wherein said oscillation comprises at least one frequency and at least one
amplitude, and said at least one frequency and at least one amplitude are independently adjustable via said control
unit.
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13. The system according to claim 11 or 12, wherein said oscillation comprises at least one frequency and at least one
amplitude, said system further comprising a sensor to assist controlling said frequency or amplitude, and said control
unit further comprising a processor functionally connected to said sensor, said processor being capable of analyzing
input from said sensor.

14. The system according to any one of claims 11-13, wherein said control unit further comprises an operator interface
unit.

15. The system according to any one of claims 11-14, further comprising a tension adjustment mechanism to compensate
for variations in pulling member (10) path length when said catheter (40) includes curvatures.

16. The apparatus of any one of claims 8 to 10 or the system of claims 11-15, wherein the vibrational energy source is
located external of said catheter (40).

17. The apparatus of any one of claims 1 to 10 or 16, or the system of claims 11-15, wherein the drilling component
(30, 130, 230) has a proximal end and a distal end, said drilling component (30, 130, 230) tapers to a distal edge
of said distal end of said drilling component (30, 130, 230).

18. The apparatus of any one of claims 1 to 10 or 16-17, or the system of claims 11-15, wherein the pulling member
(10) is a flexible string.

19. The apparatus of claim 18, wherein the string comprises a high tensile polymer.

Patentansprüche

1. Vorrichtung, aufweisend:

einen Katheter (40), der ein proximales Ende und ein distales Ende aufweist;
ein Federelement (20, 120, 220), das ein proximales Ende und ein distales Ende aufweist, wobei das proximale
Ende des Federelements (20, 120, 220) an dem distalen Ende des Katheters (40) befestigt ist, wobei das
Federelement (20, 120, 220) eine Druckfeder aufweist;
ein Zugelement (10), das in dem Katheter (40) aufgenommen ist, wobei das Zugelement (10) ein proximales
Ende und ein distales Ende aufweist, wobei das distale Ende des Zugelements (10) an einer distalen Struktur
befestigt ist, die aus der Gruppe ausgewählt ist, die aus dem Federelement (20, 120, 220) und dem Bohrbe-
standteil (30, 130, 230) besteht;
gekennzeichnet durch einen Bohrbestandteil (30, 130, 230), der an das distale Ende des Federelements (20,
120, 220) angrenzt und funktional mit diesem verbunden ist, wobei das Bohrbestandteil (30, 130, 230) eine
Feder aufweist, die zumindest zwei eng beieinander gelegene Spulen aufweist, die zu einem am weitesten
distalen Ende der Vorrichtung verlaufen.

2. Vorrichtung nach Anspruch 1, wobei das Zugelement (10), wenn es gezogen und losgelassen wird, das Federelement
(20, 120, 220) komprimiert und loslässt, wodurch zumindest eine Oszillation des Bohrbestandteils (30, 130, 230)
erreicht wird.

3. Vorrichtung nach Anspruch 1 oder 2, wobei der Bohrbestandteil (30, 130, 230, 330, 530) und/oder das Federelement
(20, 120, 220) in distaler Richtung spitz zulaufen.

4. Vorrichtung nach einem der Ansprüche 1 bis 3, wobei der Bohrbestandteil (230, 330) und/oder das Federelement
(20, 120, 220) einen Außendurchmesser, der in distaler Richtung spitz zuläuft, und einen inneren luminalen Durch-
messer, der konstant oder beinahe konstant ist, aufweist.

5. Vorrichtung nach einem der Ansprüche 1 bis 3, wobei der Bohrbestandteil (230, 330) und/oder das Federelement
(20, 120, 220) einen Außendurchmesser, der mit einer ersten Rate distal spitz zuläuft, und einen inneren luminalen
Durchmesser, der mit einer zweiten Rate spitz zuläuft, aufweisen, wobei die zweite Rate niedriger ist als die erste
Rate.

6. Vorrichtung nach einem der Ansprüche 1 bis 5, wobei das Zugelement (10) an dem Bohrbestandteil (30, 130, 230)
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oder dem Federelement (20, 120, 220) befestigt ist.

7. Vorrichtung nach einem der Ansprüche 1 bis 6, wobei das Zugelement (10) an dem distalen Ende des Federelements
(20, 120, 220) befestigt ist.

8. Vorrichtung nach einem der Ansprüche 1 bis 7, ferner aufweisend eine Vibrationsenergiequelle, die betriebsbereit
mit dem proximalen Ende des Zugelements (10) verbunden ist, wobei die Vibrationsenergiequelle den Bohrbestand-
teil (30, 130, 230) oszilliert, indem das Zugelement (10) wiederholt gezogen und gelöst wird.

9. Vorrichtung nach Anspruch 8, wobei die Vibrationsenergiequelle aus der Gruppe ausgewählt ist, die aus Folgendem
besteht: einer Maschine mit einem wechselbewegten Element, einem Schüttler, einem Aktor und einem Solenoid.

10. Vorrichtung nach einem der Ansprüche 1 bis 9, ferner aufweisend eine Katheterankervorrichtung.

11. System, aufweisend:

die Vorrichtung nach einem der Ansprüche 1 bis 10; und
eine Steuereinheit, die darauf ausgelegt ist, die Vibrationsenergiequelle zu steuern.

12. System nach Anspruch 11, wobei die Oszillation zumindest eine Frequenz und zumindest eine Amplitude aufweist,
und wobei die zumindest eine Frequenz und zumindest eine Amplitude unabhängig über die Steuereinheit einstellbar
sind.

13. System nach Anspruch 11 oder 12, wobei die Oszillation zumindest eine Frequenz und zumindest eine Amplitude
aufweist, wobei das System ferner einen Sensor aufweist, um beim Steuern der Frequenz oder Amplitude zu
assistieren, und wobei die Steuereinheit ferner einen Prozessor aufweist, der funktional mit dem Sensor verbunden
ist, wobei der Prozessor in der Lage ist, die Eingabe von dem Sensor zu analysieren.

14. System nach einem der Ansprüche 11 bis 13, wobei die Steuereinheit ferner eine Benutzerschnittstelleneinheit
aufweist.

15. System nach einem der Ansprüche 11 bis 14, ferner aufweisend einen Spannungseinstellmechanismus, um Vari-
ationen in der Pfadlänge des Zugelements (10) zu kompensieren, wenn der Katheter (40) Krümmungen beinhaltet.

16. Vorrichtung nach einem der Ansprüche 8 bis 10 oder System nach Ansprüchen 11 bis 15, wobei sich die Vibra-
tionsenergiequelle außerhalb des Katheters (40) befindet.

17. Vorrichtung nach einem der Ansprüche 1 bis 10 oder 16, oder System nach Ansprüchen 11 bis 15, wobei der
Bohrbestandteil (30, 130, 230) ein proximales Ende und ein distales Ende aufweist, wobei der Bohrbestandteil (30,
130, 230) zu einer distalen Kante des distalen Endes des Bohrbestandteils (30, 130, 230) hin spitz zuläuft.

18. Vorrichtung nach einem der Ansprüche 1 bis 10 oder 16 bis 17, oder System nach Ansprüchen 11 bis 15, wobei
das Zugelement (10) eine flexible Schnur ist.

19. Vorrichtung nach Anspruch 18, wobei die Schnur ein hochdehnbares Polymer aufweist.

Revendications

1. Appareil, comprenant :

un cathéter (40) ayant une extrémité proximale et une extrémité distale ;
un organe ressort (20, 120, 220) ayant une extrémité proximale et une extrémité distale, ladite extrémité proxi-
male dudit organe ressort (20, 120, 220) étant apposée sur ladite extrémité distale dudit cathéter (40), ledit
organe ressort (20, 120, 220) comprenant un ressort de compression ;
un organe de traction (10) logé au sein dudit cathéter (40), ledit organe de traction (10) ayant une extrémité
proximale et une extrémité distale, ladite extrémité distale dudit organe de traction (10) étant apposée sur une
structure distale choisie dans le groupe constitué dudit organe ressort (20, 120, 220) et dudit composant de
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perçage (30, 130, 230) ;
caractérisé par un composant de perçage (30, 130, 230) contigu à ladite extrémité distale dudit organe ressort
(20, 120, 220) et fixé fonctionnellement à celui-ci, ledit composant de perçage (30, 130, 230) comprenant un
ressort ayant au moins deux spires voisines placées étroitement s’étendant jusqu’à une extrémité la plus distale
de l’appareil.

2. Appareil selon la revendication 1, dans lequel ledit organe de traction (10), lorsqu’il est tiré et libéré comprime et
libère ledit organe ressort (20, 120, 220) effectuant ainsi au moins une oscillation dudit composant de perçage (30,
130, 230).

3. Appareil selon la revendication 1 ou 2, dans lequel ledit composant de perçage (30, 130, 230, 330, 530) et/ou ledit
organe ressort (20, 120, 220) s’effilent de façon distale.

4. Appareil selon l’une quelconque des revendications 1 à 3, dans lequel ledit composant de perçage (230, 330) et/ou
ledit organe ressort (20, 120, 220) ont un diamètre extérieur qui s’effile de façon distale et un diamètre luminal
intérieur qui est constant ou quasi constant.

5. Appareil selon l’une quelconque des revendications 1 à 3, dans lequel ledit composant de perçage (230, 330) et/ou
ledit organe ressort (20, 120, 220) ont un diamètre extérieur qui s’effile de façon distale à un premier taux et un
diamètre luminal intérieur qui s’effile de façon distale à un second taux, ledit second taux étant inférieur audit premier
taux.

6. Appareil selon l’une quelconque des revendications 1 à 5, dans lequel ledit organe de traction (10) est fixé audit
composant de perçage (30, 130, 230) ou audit organe ressort (20, 120, 220).

7. Appareil selon l’une quelconque des revendications 1 à 6, dans lequel ledit organe de traction (10) est apposé sur
ladite extrémité distale dudit organe ressort (20, 120, 220).

8. Appareil selon l’une quelconque des revendications 1 à 7, comprenant en outre une source d’énergie de vibrations
raccordée opérationnellement à ladite extrémité proximale dudit organe de traction (10), dans lequel ladite source
d’énergie de vibrations fait osciller ledit composant de perçage (30, 130, 230) en tirant sur et en libérant de façon
répétée ledit organe de traction (10).

9. Appareil selon la revendication 8, dans lequel ladite source d’énergie de vibrations est choisie dans le groupe
constitué : d’un moteur ayant un organe de va-et-vient, d’un secoueur, d’un actionneur et d’un solénoïde.

10. Appareil selon l’une quelconque des revendications 1 à 9, comprenant en outre un dispositif d’ancrage de cathéter.

11. Système, comprenant :

l’appareil de l’une quelconque des revendications 1 à 10 ; et
une unité de commande adaptée pour commander ladite source d’énergie de vibrations.

12. Système selon la revendication 11, dans lequel ladite oscillation comprend au moins une fréquence et au moins
une amplitude, et ladite au moins une fréquence et ladite au moins une amplitude sont réglables indépendamment
via ladite unité de commande.

13. Système selon la revendication 11 ou 12, dans lequel ladite oscillation comprend au moins une fréquence et au
moins une amplitude, ledit système comprenant en outre un capteur pour aider à commander ladite fréquence ou
ladite amplitude, et ladite unité de commande comprenant en outre un processeur raccordé fonctionnellement audit
capteur, ledit processeur étant capable d’analyser une entrée provenant dudit capteur.

14. Système selon l’une quelconque des revendications 11 à 13, dans lequel ladite unité de commande comprend en
outre une unité d’interface opérateur.

15. Système selon l’une quelconque des revendications 11 à 14, comprenant en outre un mécanisme de réglage de
tension pour compenser des variations de longueur de trajet de l’organe de traction (10) lorsque ledit cathéter (40)
comporte des courbures.
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16. Appareil selon l’une quelconque des revendications 8 à 10 ou système selon les revendications 11 à 15, dans lequel
la source d’énergie de vibrations est située externe audit cathéter (40).

17. Appareil selon l’une quelconque des revendications 1 à 10 ou 16, ou système selon les revendications 11 à 15,
dans lequel le composant de perçage (30, 130, 230) a une extrémité proximale et une extrémité distale, ledit
composant de perçage (30, 130, 230) s’effile vers un bord distal de ladite extrémité distale dudit composant de
perçage (30, 130, 230).

18. Appareil selon l’une quelconque des revendications 1 à 10 ou 16 et 17, ou système selon les revendications 11 à
15, dans lequel l’organe de traction (10) est une ficelle flexible.

19. Appareil selon la revendication 18, dans lequel la ficelle comprend un polymère à haute résistance à la traction.
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