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METHOD AND SYSTEM FOR REVERSIBLY CONTROLLED
DRILLING OF LUMINAL OCCLUSIONS

CROSS-REFERENCES TO RELATED APPLICATIONS

[0001] The present application is related to but does not claim priority from Application
No. 11/388,251 (Attorney Docket No. 019635-001200US), filed on March 22, 2006, and
Application No. 11/636,388 (Attorney Docket No. 019635-001210US), filed on December 7,

2006, the full disclosures of which are incorporated herein by reference.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention. The present invention relates generally to medical

methods and systems. More particularly, the present invention relates to a method and driver
for the controlled, reversible drilling of an occlusion in a body lumen, such as a calcific

occlusion in a blood vessel.

[0003] Cardiovascular disease frequently arises from the accumulation of atheromatous
material on the inner walls of vascular lumens, particularly arterial lumens of the coronary
and other vasculature, resulting in a condition known as atherosclerosis. Atheromatous and
other vascular deposits restrict blood flow and can cause ischemia which, in acute cases, can
result in myocardial infarction or a heart attack. Atheromatous deposits can have widely
varying properties, with some deposits being relatively soft and others being fibrous and/or
calcified. In the latter case, the deposits are frequently referred to as plaque. Atherosclerosis
occurs naturally as a result of aging, but may also be aggravated by factors such as diet,

hypertension, heredity, vascular injury, and the like.

[0004] Atherosclerosis can be treated in a variety of ways, including drugs, bypass surgery,
and a variety of catheter-based approaches which rely on intravascular widening or removal
of the atheromatous or other material occluding the blood vessel. Particular catheter-based
interventions include angioplasty, atherectomy, laser ablation, stenting, and the like. For the
most part, the catheters used for these interventions must be introduced over a guidewire, and
the guidewire must be placed across the lesion prior to catheter placement. Initial guidewire

placement, however, can be difficult or impossible in tortuous regions of the vasculature.
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Moreover, crossing the occlusion with a guidewire is even more difficult if the lesion is total
or near total, i.e. the lesion occludes the blood vessel lumen to such an extent that the lesion
blocks advancement of the guidewire. Crossing the lesion is further exacerbated if the plaque

is hardened or "calcific."

[0005] To overcome this difficulty, forward-cutting atherectomy catheters have been
proposed. Such catheters usually can have a forwardly disposed blade (U.S. 4,926,858) or
rotating burr (U.S. 4,445,509). While effective in some cases, these catheter systems, even
when being advanced through the body lumen with a separate guidewire, have great difficulty
in traversing through the small and tortuous body lumens of the patients and reaching the

target site.

[0006] As an improvement over forward cutting atherectomy catheters, the use of small
guidewire-sized devices for crossing lesions has been proposed. Such devices can include a
hypotube body or other relatively rigid shaft having a more flexible distal portion which 1s
suitable for passing through small and tortuous regions of the vasculature and other body
lumens. A very small drive shaft having a cutting element at its distal end is disposed in a
lumen of the tubular body and extends from a distal end thereof. By rapidly rotating or
rotationally oscillating the drive shaft, the cutting tip can penetrate even hardened, calcific
occlusions. Such devices are described in detail in commonly owned U.S. Patent Nos.
6,059,767 and 6,824,550, as well as co-pending application numbers 10/950,161 (Attorney
Docket No. 019635-000220US); 10/999,457 (Attorney Docket No. 019635-000211US);
11/146,483 (Attorney Docket No. 019635-000230US); 11/236,703 (Attorney Docket No.
019635-000240US); and 11/567,884 (Attorney Docket No. 019635-001300US), the full

disclosures of which are incorporated herein by reference.

[0007] While very effective for crossing hardened lesions in the coronary and other
vasculature, the rotating cutting tips can experience excessive friction and constriction when
being advanced into the occlusion. The friction can come from the guidewire being advanced
into the occlusion with excessive force, thus advancing the rotating tip too rapidly into the
occlusion. Additionally, rotation of the tip can be limited by loose tissue wrapping around
the tip. In either case, the constriction of the tip rotation can result in excessive torque being
experienced by the drive shaft and motor. At a minimum, the excessive torque can hinder the
performance of the guidewire and make advancement more difficult. More problematically,

such excessive torque can damage the motor and/or fracture the guidewire shaft.
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[0008] One solution to the problem of excessive torque in such cutting guidewires has been
to employ rotational oscillation rather than unidirectional rotation of the cutting tip. Using a
relatively high rotational speed, such as 12,000 rpm, and changing the rotational direction
every 0.7 seconds, has been found to reduce but not eliminate the problems associated with
constriction of the cutting tip as it is advanced through calcific and other lesions.
Additionally, as described in commonly owned, co-pending application nos. 11/388,251
(Attorney Docket No. 019635-001200US) and 11/636,388 (Attorney Docket No. 019635-
001210US), the full disclosures of which are incorporated herein by reference, systems for
rotationally oscillating drive shafts in cutting guidewires can be modified to monitor the load
on the drive shaft and/or drive motor and to provide visual and/or audible feedback to the
treating physician. The physician is alerted when the torque on the system approaches an
unacceptable level so that the physician may pull back on the guidewire to relieve the
constricting forces. While very effective and a significant advancement, changing rotational

direction at a fixed interval does not optimize cutting efficiency.

[0009] For these reasons, it would be desirable to provide improved methods and systems
for advancing cutting guidewires and other similar catheter systems through a body lumen.

In particular, it would be desirable to provide methods and systems where control of a cutting
tip of such guidewires and catheters is automatically adjusted in response to variations in the
constrictive forces on the cutting tip as the guidewire or other catheter is advanced through
occlusions in a body lumen. It would be particularly desirable if such automatic control of
the cutting guidewire could be combined with the visual and audible feedback systems
described above. At least some of these objectives will be met by the inventions described

hereinbelow.

[0010] 2. Description of Background Art. Exemplary cutting guidewire devices and

control systems for providing visual and/or audible feedback on the level of torque
experienced by the motors and drive shafts of such systems are described in the commonly

owned patents and co-pending applications referenced above.

BRIEF SUMMARY OF THE INVENTION
[0011] The present invention provides systems and methods for automatic controlling a
cutting tip during crossing of stenoses, partial occlusions, total occlusions, or chronic total

occlusions in a patient’s body, such as in a blood vessel or other body lumen. The devices for
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penetrating occlusive material and passing through occlusions, stenosis, thrombus, plaque,
calcified material, and other material in a neuro, coronary, and peripheral body lumens
generally include a hollow, elongate member, typically a tubular shaft, that is advanced
through a blood vessel lumen and positioned adjacent the occlusion or stenosis. A drilling
assembly, typically including a drill tip or other cutting head, is positioned at or near a distal
tip of the hollow member to penetrate or create an opening in the occlusion. The plaque
drilling assembly generally comprises a drive shaft having a distal tip that is rotated and
optionally rotationally oscillated (e.g., rotated in one direction for a period of time, then
rotated in the reverse direction for a period of time if the drill tip or other cutting head
encounters a load at or above a predetermined threshold), where the distal drill tip emerges
distally from an axial lumen of the hollow member. Once the hollow, elongate member has
reached the lesion, the hollow member with the exposed rotationally oscillating drill tip may

be advanced into the lesion.

[0012] In a first aspect of the present invention, methods for advancing the elongate
member across the occlusion comprise advancing a distal end of the elongate member into
the occlusion while rotating a drive shaft having a drill tip extending distally from the distal
end of the elongate member. The drive shaft is rotated as the elongate member is advanced
into the occlusion. While the elongate member is being advanced, a rotational load on the
drive shaft is measured. The rotational load may be measured in a variety of ways, but
typically will be measured either by monitoring the current load on a motor which drives the
drive shaft or monitoring the rotational speed of the drive shaft. When monitoring the current
load, an increase in the drive current indicates that the load on the drive shaft is increasing.
When monitoring the rotational speed, a decrease in speed indicates that the rotational load
on the drive shaft is increasing. In either case, when the measured load on the drive shaft
meets or exceeds a preselected threshold value, the rotational direction of the drive shaft is
reversed. After the direction is reversed, the load on the drive shaft will be expected to drop
significantly, but the load will continue to be monitored and when it again exceeds the

preselected threshold value, the direction will again be reversed.

[0013] Usually, the drive shaft and drill tip are rotated up to maximum speed in the range
from 1,000 rpm to 100,000 rpm, typically from 5,000 rpm to 20,000 rpm. It will be
appreciated, of course, that every time the direction of rotation is reversed, the instantaneous
rotational speed will be zero. Usually, the maximum rotational speed will then be achieved

in a time from about 0.001 seconds to 1 seconds after the direction has been reversed.
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[0014] The threshold value of load at which the direction of drive shaft rotation is reversed
will be selected to limit the maximum torque experienced by the drill tip, drive shaft, and
motor to a level which is safe both for the patient and for the luminal drilling system. In one
example, threshold value can be set to reverse direction when loose tissue wrapping occurs
allowing the user to continue advancing or pull back the luminal drilling system with minimal
force. If the rotational direction is not reversed, excessive loose tissue wrapping may cause
the rotating tip to become trapped and make it difficult for the user to pull back or advance.
In another example, the threshold value can be set to reverse directions at a torque value
allowing for an acceptable fatigue life of the driveshaft. If the rotational direction is not
reversed the torque would reach a level causing fracture and/or fatigue. In a third example,
the threshold value can be set to allow for rotation in one direction when the user is
advancing the elongate member into the occlusion with an acceptable axial push force, but
the threshold will be exceeded and the controller will reverse direction of the motor, typically
when the user is applying too large of an axial push force to the elongate member. This will
allow for maximum cutting efficiency in normal use, while controlling the maximum torque

allowed if the user advances with too much axial push force as a safety feature.

[0015] When the rotational load is measured by monitoring current on the motor which
rotates the drive shaft, the threshold value will be based on a percentage increase from the
current value when the driveshaft is rotating with no torque applied to the drill tip. For
example, if the load value was 0.10 Amps when the driveshaft is rotating with no torque on
the drill tip, the threshold may be set to 0.50 Amps which is a 500% larger value. This

percentage increase will vary depending on the selected maximum torque limit.

[0016] In the case where the rotational load is measured by monitoring the rotational speed
of the drive shaft, the threshold value will typically be set to reverse direction when the
rotational speed decreases by from 25% to 100%, more preferably when the rotational speed
decreases by from 50% to 75%. Using an encoder, a specific rpm (absolute value) would be
set to trigger a reverse of directions. For example, if the motor rotated at 12,000 rpm, the
threshold could be set at 5,000 rpm. While speed measurement is feasible, current

measurement is the preferred present approach.

[0017] In some methods, it will be desirable to allow the threshold load value to be

adjusted within certain ranges before and/or during a procedure. Thus, the physician can
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adjust the system for differences in the occlusive material which is being encountered in the

procedure.

[0018] In addition to the automatic control of the rotational direction of the drill tip, the
methods of the present invention may further comprise producing an audible or visual output
which is representative of the measured amount of load on the motor or drive shaft. Still
further, the systems may produce an audible and/or visual output whenever the threshold load

value is met or exceeded and the rotational direction is reversed.

[0019] In asecond aspect of the present invention, a luminal drilling system comprises a
drilling device including an elongate member and a drive shaft extending through said
member. The drive shaft has a drill tip at its distal end which emerges distally from a distal
end of the elongate member. A motor is connectable to a proximal portion of the drive shaft
to rotationally drive the drive shaft, and a load sensor is coupled to the motor and/or to the
drive shaft for monitoring load on the drive shaft and the drill tip. The load sensor produces
an output signal which is representative of the rotational load as the tip is rotated and
advanced through occlusive material in a body lumen, such as calcific plaque in a blood
vessel. The system further includes motor control circuitry which reverses the direction of
rotation of the motor when the sensed rotational load meets or exceeds a threshold value,
where the threshold value is typically selected to assure the safety of the patient and the

system, as discussed above in connection with the methods of the present invention.

[0020] The elongate member of the drilling device typically comprises a tube, such as a
hypotube, having a diameter in the range from 0.008 in. to 0.04 in. typically from 0.009 in. to
0.035 in. In some embodiments, the motor will be fixedly connected to the drive shaft, while
in other embodiments the motor may be detached from the drive shaft. In most
embodiments, the drill tip will have a symmetric or other design which allows the drill tip to

penetrate equally well in both rotational directions.

[0021] The motor of the luminal drilling system will usually be incorporated in an
enclosure. The control circuitry may be contained in the same enclosure as the motor or may
be in a separate enclosure connected by a cord. The enclosure will be coupled to the elongate
member in the shaft of the drilling device, where the motor in particular is coupled to the
drive shaft to rotate the drive shaft relative to the elongate member. The motor will provide
for reversible rotation of the drive shaft and will be controllable to rotate at a maximum speed

in the range from 1,000 rpm to 100,000 rpm, typically from 5,000 rpm to 20,000 rpm, in both
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directions. The load sensor will usually also be incorporated into the enclosure together with
the control circuitry. The load sensor may be adapted to measure current consumption by the
motor, where an increase in current consumption indicates an increase in load. Alternatively,
the load sensor may be adapted to measure the rotational speed of the motor or the drive
shaft, where a decrease in rotational speed indicates an increase in load. Rotational speed
may be measured, for example, using an encoder on the drive shaft and an optical system for
measuring rotational speed and direction. Other conventional systems for measuring motor

speed and/or shaft rotational speed could also be utilized.

[0022] The luminal drilling systems of the present invention may further comprise circuitry
which produces a visual and/or audible output in response to the output signal of the load
sensor. For example, the visual and/or audible output may comprise a first output level
where the load is below the threshold value and a second output level when the load is at or
above the threshold level, where the second output level would then indicate that the motor
direction is changing. Alternatively, the visual and/or output may comprise additional output
levels, for example a first output level when there is no or minimal load on the motor and/or
shaft, a second output level when there is a load on the motor and/or shaft below the
threshold value, and a third output level when the load is at or above the threshold value to

indicate that the motor direction is changing.

[0023] In a third aspect of the present invention, a rotational driver for connection to a
luminal drilling device is provided. The luminal drilling device will typically have the
characteristics described above in connection with the luminal drilling system. The rotational
driver will include a motor adapted to rotationally drive the drive shaft, a load sensor coupled
to the motor or to the drive shaft, and motor control circuitry which reverses the direction of
rotation of the motor when the sensed rotational load exceeds a threshold value. Other
aspects of the motor, load sensor, and motor control circuitry have been described above with

respect to the luminal drilling system.

BRIEF DESCRIPTION OF THE DRAWINGS
[0024] The following drawings should be read with reference to the detailed description.
Like numbers in different drawings refer to like elements. The drawings, which are not
necessarily to scale, illustratively depict embodiments of the present invention and are not

intended to limit the scope of the invention.
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[0025] Fig. 1 illustrates an exemplary luminal drilling system constructed in accordance

with the principles of the present invention.

[0026] Fig. 2 illustrates an exploded view of a distal end portion of a drilling device of the

system of Fig. 1 comprising a drive shaft disposed within a hollow, shapeable member.

[0027] Fig. 3 is a simplified block diagram illustrating the controller system of the present

invention.

[0028] Fig. 4 is a simplified flow diagram illustrating a method for providing control
feedback during crossing of an occlusion or stenosis within a vessel lumen in accordance

with the principles of the present invention.

[0029] Figs. 5 through 8 illustrate exemplary electrical schematic drawings for electronics

that can be used in an embodiment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION
[0030] Referring now to Fig. 1, an exemplary luminal drilling system 10 constructed in
accordance with the principles of the present invention is illustrated. The system 10 includes
a drilling device 12 configured to cross an occlusion and a control unit 14. The drilling
device 12 includes an elongate flexible member 38 having an axial lumen 16 and a drive shaft
18 extending through the axial lumen 16, as best shown in Fig. 2. An adjustable torquer 22 is
placed over the elongate flexible member 38. The adjustable torquer 22 may be axially
moved along the elongate flexible member 38 and locked down anywhere along the length of
the elongate flexible member 38. A motor housing 20 is coupled to a proximal end of the
device 12. The control unit 14 is coupled to the motor housing 20 via wire leads or cables 26.

The motor housing 20 includes a motor 56 (Fig. 3) to rotationally oscillate the drive member.

[0031] The control unit 14 includes control circuitry for reversing the direction of rotation,
as described in more detail below. In addition to providing audible and/or visual feedback on
system load, the control unit may optionally include a speaker 28, volume control buttons 30
which may adjust audio amplification, a main on/off power supply switch or pull out tab 32, a
motor activation switch 34, a display comprising a linear array of light emitting diodes (LED)
35, and a timer liquid crystal display (LCD) 36. The control unit will usually be relatively
small, having a length in a range from about 5 cm to about 25 cm, a width in a range from
about 2 cm to about 12 c¢m, and a depth in a range from about 1 cm to about 8 cm. In some

instances, the control unit could be dimensioned to be hand held. It will be appreciated that
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the above depictions are for illustrative purposes only and do not necessarily reflect the actual
shape, size, or dimensions of the controller system 10. This applies to all depictions

hereinafter.

[0032] Referring now to Fig. 2, the drilling device 12 of the present invention will usually
have sufficient steerability, shapeability, flexibility, pushability, and torqueability to be
advanced through the tortuous blood vessel without the use of a separate guidewire or other
guiding element. In some instances, however, the drilling devices will be rigid and
configured for surgical applications and/or configured for delivering over a guidewire or
through a guide catheter. Additionally, the device 12 may be sized to fit within an axial
lumen of a distal support or access catheter system (not shown), which is described in more
detail in U.S. Patent Application Serial No. 10/864,075, filed June 8, 2004, assigned to the
assignee of the present application and incorporated herein by reference. The distal support
catheter system can be delivered either concurrently or sequentially with the advancement of
the device 12 to the target site. The position of the catheter system can be maintained and

stabilized while the device 12 is advanced.

[0033] The drilling device 12, which is generally but not identically described in co-
pending U.S. Patent Application Serial No. 11/236,703, and the other applications cross-
referenced above, comprises an elongate hollow shapeable member 38 having a proximal
portion, a shapeable distal portion, and a flexible intermediate portion along a length
therebetween. In one embodiment, the distal portion of the elongate member 38 may have a
fixed, preset deflection. The elongate hollow member 38 movably receives the drive shaft 18
within its axial lumen 16 and is coupled to the motor housing 20 on the proximal portion.
That is, the drive shaft 18 is received within axial lumen 16 and is movable therein. The
elongate hollow member 38 may be composed of a unitary structure, such as a single
hypotube, having one or more tapered sections. The elongate hollow member 38 may be
formed from a variety of materials, including nitinol, stainless steel, polymer, carbon, or other
metal or composite materials. The elongate member 38 may have an outer diameter in a
range from about 0.008 inch to about 0.040 inch, an inner diameter in a range from about
0.005 inch to about 0.036 inch, and a working length in a range from about 125 cm to about

190 cm, as for example in Fig. 1 the length is illustrated as approximately 165 cm.

[0034] Referring again to Fig. 2, an exploded view of the distal end portion of the device
12 shows tip housing 44 attached to the hollow member 38. The tip housing 44 contains a
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proximal portion of the distal tip 48. The tip housing 44 may be crimped to prevent the distal
tip 48 from detaching if a fracture occurs in the drive shaft 18. The tip housing 44 may be
plated with a radiopaque material such as gold. A radiopaque coil, such as platinum-
tungsten, may be attached to the hollow member 38 just proximal to the tip housing 44 to
increase the length of the radiopaque section. The hollow member 38 may be shaped
proximal to the tip housing 44. Shaping may be performed through plastic deformation or
heat setting. Drive shaft 18 is disposed within the axial lumen 16 of the elongate hollow
member 38. The drive shaft 18 is rotatably disposed at the distal end of the elongate hollow
member 38. A distal tip 48 of the drive shaft 18 extends through a distal opening of the
lumen 16 and emerges distally from the distal end of the hollow member 38. The distal tip
48 may be covered with an abrasive material, for example diamond like coating (DLC).
Upon activation, the distal tip 48 of the drive shaft 18 creates a passageway or enlarges a
passageway through the occlusion or stenosis within the vessel lumen. Generally, the distal
tip 48 of the drive shaft 18 creates a path at least as large as a perimeter of a distal end of the
hollow member 38. However, it will be appreciated that the path can also have the same

perimeter or smaller perimeter than the distal end of the hollow member 38.

[0035] The drive shaft 18 in this embodiment is rotationally reversed, as depicted by arrow
50, when the motor and/or drill tip encounters an excessive load. The rotationally reversing
operating mode 50 is of particular benefit as it inhibits excessive tissue from wrapping around
the distal tip 48 of the drive shaft 18. This reversing rotation (i.e., rotation in one direction
until an excess load is encountered followed by rotation in the reverse direction until an
excess load is encountered) also enhances penetration through, in, and/or out of the occlusive
or stenotic material. The direction of rotation of the drive shaft 18 will be automatically
reversed in response to an increase in load on the motor and/or drive shaft. Generally,
rotation of the drive shaft 18 is effected by a drive motor within the motor housing 20, which
is described in more detail below. Optionally, the physician may also manually rotate the

drive shaft 18.

[0036] The drive shaft 18 may be formed from a variety of materials, including nitinol
(nickel-titanium alloy), stainless steel, platinum iridium, and like materials and will usually
have a diameter in a range from about 0.003 inch to about 0.035 inch and a working length in
a range from about 125 c¢m to about 190 cm. The drive shaft distal tip 48 (the drill tip) will
preferably have an outer perimeter which is equal to or larger than a distal diameter of the

hollow member 38 so as to create a path at least as large as a perimeter of the distal end of the

10
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member 38. The distal tip 48 will usually have a symmetric design so that it penetrates
equally well in both rotational directions. The diameter of the drive shaft 18 will depend on

the dimension of the inner lumen 16 of the hollow member 38.

[0037] As mentioned above, for vascular use, the drilling device 12 of the present invention
will usually have steerability, shapeability, flexibility, pushability, and torqueability which
allow it to be positioned through the tortuous blood vessel. Once properly positioned
adjacent the occlusion or stenosis, the distal tip 48 of the drive shaft 18 is rotated and
advanced into the occlusion or stenosis in the vessel lumen to create a path in the occlusion or

stenosis.

[0038] Referring now to Fig. 3, a simplified block diagram of the controller system 10 of
the present invention is illustrated. The control unit 14 may include a low pass filter 300
which removes noise from the motor current signal received from motor 56 and may also
provide amplification of the signal. The control unit 14 may also include a V to F generator
68 which produces a variable sound in response to a load measurement (e.g., resistance
encountered) on the drive shaft 18, particularly during advancement of the distal tip 48 in the
occluded vessel lumen. Generator 68 may be a microprocessor, one or more discrete logic
blocks or the like. The signal from the tone generator 68 is then ran through an amplifier 70
to a speaker 28. The load or resistance encountered may be measured by a change in current
drawn by the motor 56 which drives the shaft 18, which may be measured by a change in
voltage across a feedback resistor. The motor 56 preferably resides within the motor housing
20 and is mechanically attachable to a proximal end of the drive shaft 18 to move (e.g.,
oscillate, axially translate, reciprocate, rotate, vibrate) the drive shaft 18 and distal tip 48.
Typically, the drive motor 56 is electrically coupled to the control unit via the wire leads or
cables 26 (Fig. 1). The voltage signal from motor 56 may be directly input into visual
feedback generator 72 through filter 300 such that the generator 72 independently provides an
appropriate signal to LED display 35 based on the measured voltage across the feedback
resistor of the motor. Alternatively, the frequency data generated by V to F generator 63 may
be input into generator 72, which may then provide an appropriate signal to LED display 35

based on the frequency data.

[0039] The electronic circuitry in the control unit 14, as for example the oscillation system
58, controls The electronic circuitry in the control unit 14, as for example the reversing drive

58, controls reversing of the motor 56 direction. This output mode may be provided by

11
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activation of the motor activation switch 34. The accumulated activation time may be

constantly displayed on the LCD display 36 on the control unit 14.

[0040] Referring now to Fig. 4, the processor 54 in the control unit 14 further measures
loads. Measuring a load comprises measuring a change in current drawn by the motor 56
which drives the shaft 18. Typically, the load on the drive motor 56 varies according to the
resistance encountered by the drive shaft 18, as for example hard or soft stenosis in the vessel
lumen. The load on the motor 56 may be measured through the detection of voltage across a
known resistor, as depicted by block 62, which is directly proportional to the current flowing
through the resistor. For example, two 1 ohm resistors may be provided for an oscillatory
drive shaft 18, one resistor for each direction of the oscillatory drive motor 56. The amperage
related voltage is then compared to a reference voltage, as for example 0.53 volts, as depicted

by block 64.

[0041] As depicted by block 66, the control signal is then produced by converting the
change in current (i.e., the difference between the measured load and the reference voltage) to
a frequency for sound via a voltage to frequency generator 68 (Fig. 3) and/or a visual display
via visual feedback generator 72 (Fig. 3). Use of the control signal for providing visual
and/or audible feedback to the physician is described in detail in co-pending application nos.
11/388,251 and 11/636,338, which have been previously incorporated herein by reference.
As depicted in Fig. 3, the motor drive will change directions if the measured load meets or
exceeds a threshold. The following discussion will be directed specifically at the circuitry
used for implementing the automatic motor control which reverses the direction of the motor
when the control signal indicates that a threshold load value on the motor and/or drive shaft

has been exceeded.

[0042] Figs. 5 through 8 show exemplary electronic circuit diagrams of a circuitry
implementation that can be used within the control unit 14 of the present invention. It is
understood that many other circuit implementations, including software, firmware and/or
hardware, can be used and yet still arrive at embodiments of the invention. Fig. 5 illustrates
various components of the control unit 14 including the motor drive, audio components, and
counter. The control unit 14 may be powered by a battery . The power supply may further
include a voltage regulator which allows for adjustment of optimum motor 56 speed and
torque. It will further be appreciated that the control unit 14 may alternatively be powered

via voice activation, wireless activation, or Bluetooth® footswitch technology in lieu of

12
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manual activation with switch 34. Fig. 6 illustrates a sample circuit of the time base and
safety shutdown. Fig. 7 illustrates s sample circuit of the voltage to frequency generator 68
and a sample circuit of the visual feedback circuitry . Fig. 8 is a sample circuit for a battery

monitor.

[0043] Although certain exemplary embodiments and methods have been described in
some detail, for clarity of understanding and by way of example, it will be apparent from the
foregoing disclosure to those skilled in the art that variations, modifications, changes, and
adaptations of such embodiments and methods may be made without departing from the true
spirit and scope of the invention. For example, it is fully contemplated that the present
invention may be implemented as a separate control unit as shown in Fig. 1 or may be
incorporated into a handle of the occlusion-crossing device. Therefore, the above description
should not be taken as limiting the scope of the invention which is defined by the appended

claims.
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WHAT IS CLAIMED IS:

1. A method for advancing an elongate member across an occlusion in a
body lumen, said method comprising:

advancing a distal end of the elongate member into the occlusion,

rotating a drive shaft having a drill tip extending distally from the distal end of
the elongate member in one direction as the elongate member is advanced into the occlusion;

measuring a rotational load on the drive shaft; and

reversing the rotational direction of the drive shaft whenever the measured

load meets or exceeds a threshold value.

2. A method as in claim 1, wherein the body lumen is a blood vessel and

the occlusion comprises calcific plaque.

3. A method as in claim 1, wherein the drill tip is rotated at a maximum

speed in the range from 5,000 rpm to 20,000 rpm.

4. A method as in claim 1, wherein measuring the rotational load

comprises measuring current drawn by a motor which rotates the drive shaft.

5. A method as in claim 1, wherein measuring the rotational load

comprises measuring the rotational speed of the shaft or a motor driving the shaft.

6. A method as in claim 1, further comprising adjusting the threshold

value before and/or during a procedure.

7. A method as in claim 1, further comprising producing an audible or

visual output representative of the measured amount of load on the motor or drive shaft .

8. A method as in claim 1, further comprising producing an audible
and/or visual output whenever the threshold value is met or exceeded and the rotational

direction is reversed.

9. A luminal drilling system comprising:
a rotational penetrating device including an elongate member, and a drive
shaft extending through said member and having a drill tip which emerges distally from a

distal end of the drilling device;
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a motor connectable to a proximal portion of the drive shaft to rotational drive
the drive shaft;

a load sensor coupled to the motor or to the drive shaft , wherein the sensor
produces an output signal which is representative of the rotational load on the drill tip as said
tip is rotated and advanced through occlusive material in a body lumen;

motor control circuitry which reverses the direction of rotation of the motor

when the sensed rotational load meets or exceeds a threshold value.

10. A luminal drilling system as in claim 9, wherein the elongate member

comprises a tube having a diameter in the range from 0.008 in. to 0.04 in.

11. A luminal drilling system as in claim 10, wherein the motor may be

detached from the drive shaft.

12. A luminal drilling system as in claim 10, wherein the motor includes a

coupling for removably attaching the motor to the drive shaft.

13. A luminal drilling system as in claim 9, wherein the drill tip of the

drilling device is adapted to penetrate equally well when rotated in either direction.

14. A luminal drilling system as in claim 9, wherein the motor is

controllable to rotate at a maximum speed in the range from 5,000 rpm to 20,000 rpm.

15. A luminal drilling system as in claim 9, wherein the load sensor
measures current consumption by the motor, wherein increased current consumption

indicates an increase in load.

16. A luminal drilling system as in claim 9, wherein the load sensor
measures rotational speed of the motor or drive shaft, wherein decreased rotational speed

indicates an increase in load.

17. A luminal drilling system as in claim 9, further comprising circuitry
which produces a visual and/or audible output in response to the output signal of the lo9ad

SE€NSor.

18. A luminal drilling system as in claim 17, wherein the visual and/or

audible output comprises a first output level when the load is below the threshold value and a
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second output level when the load is at or above the threshold to indicate that the motor

direction is changing.

19. A luminal drilling system as in claim 17, wherein the visual and/or
audible output comprises a first output level when there is minimal load, a second output
level when there is load below the threshold, and a third output level when load is at or above

the threshold to indicate that the motor direction is changing.

20. A rotational driver for a luminal rotational penetrating device which
includes an elongate body and a drive shaft extending through said body and having a drill tip
which emerges distally from a distal end of the elongate body, the driver comprising:

a motor adapted to rotational drive the drive shaft;

a load sensor coupled to the motor or to the drive shaft , wherein said sensor
produces an output signal which is representative of the rotational load on the drill tip as said
tip is rotated and advanced through occlusive material in a body lumen; and

motor control circuitry which reverses the direction of rotation of the motor

when the sensed rotational load meets or exceeds a threshold value.

21. A rotational driver as in claim 20, wherein the motor is controllable to

rotate at a maximum speed in the range from 5,000 rpm to 20,000 rpm.

22. A rotational driver as in claim 20, wherein the load sensor measures
current consumption by the motor, wherein increased current consumption indicates an

increase in load.

23. A rotational driver as in claim 20, wherein the load sensor measures
rotational speed of the motor or drive shaft, wherein decreased rotational speed indicates an

increase in load.

24. A rotational driver as in claim 20, further comprising circuitry which

produces a visual and/or audible output in response to the output signal of the load sensor.

25. A rotational driver as in claim 24, wherein the visual and/or audible
output comprises a first output level when the load is below the threshold and a second output
condition when the load is at or above the threshold to indicate that the motor direction is

changing.

16
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26. A rotational driver as in claim 24, wherein the visual and/or audible
output comprises a first output level when there is minimal load, a second output level when
there is load below the threshold, and a third output level when load is at or above the

threshold to indicate that the motor direction is changing.
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