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(57) ABSTRACT 

Apparatus and methods for percutaneously performing myo 
cardial revascularization are provided using a catheter having 
an end region that is directable to contact a patient’s endocar 
dium at a plurality of positions. A cutting head is disposed 
within a lumen of the catheter and coupled to a drive tube that 
rotates and reciprocates the drive shaft. One or more stabiliz 
ing elements are disposed on the distal end to retain the 
catheter in position when the cutting head is actuated. The 
cutting head and drive tube include a lumen through which 
severed tissue is aspirated. Mechanisms and methods are 
provided for providing the operator with information to 
assess the desirability of treating a proposed site. Mecha 
nisms also are provided for controlling the maximum exten 
sion of the cutting head beyond a distal endface of the cath 
eter, independent of the degree of tortuosity imposed on the 
catheter. 
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1. 

APPARATUS FOR PERCUTANEOUSLY 
PERFORMING MYOCARDAL 

REVASCULARIZATION HAVING MEANS 
FOR SENSING TISSUE PARAMETERS AND 

METHOD OF USE 

Matter enclosed in heavy brackets appears in the 
original patent but forms no part of this reissue specifica 
tion; matter printed in italics indicates the additions 
made by reissue; a claim printed with strikethrough indi 
cates that the claim was canceled, disclaimed, or held 
invalid by a prior post-patent action or proceeding. 

REFERENCE TO RELATED APPLICATIONS 

The present application is a continuation-in-part of U.S. 
patent application Ser. No. 08/863.877, filed May 27, 1997, 
now U.S. Pat. No. 5,910,150, which claims the benefit of the 
filing date of U.S. provisional patent application Ser. No. 
60/032,196, filed Dec. 2, 1996 

FIELD OF THE INVENTION 

The present invention relates to apparatus and methods for 
percutaneously performing myocardial revascularization. 
More particularly, the present invention provides a device that 
enables a clinician to perform myocardial revascularization 
by treating only those regions of cardiac tissue likely to expe 
rience beneficial effect. 

BACKGROUND OF THE INVENTION 

A leading cause of death in the United States today is 
coronary artery disease, in which atherosclerotic plaque 
causes blockages in the coronary arteries, resulting in 
ischemia of the heart (i.e., inadequate blood flow to the myo 
cardium). The disease manifests itself as chest pain orangina. 
In 1996, approximately 7 million people suffered from angina 
in the United States. 
One technique that has been developed to treat patients 

suffering from diffuse atherosclerosis, is referred to as trans 
myocardial revascularization (TMR). In this method, a series 
of channels are formed in the left ventricular wall of the heart. 
Typically, between 15 and 30 channels about 1 mm in diam 
eter and preferably several millimeters deep are formed with 
a laser in the wall of the left ventricle to perfuse the heart 
muscle with blood coming directly from the inside of the left 
Ventricle, rather than traveling through the coronary arteries. 
Apparatus and methods have been proposed to create those 
channels both percutaneously and intraoperatively (i.e., with 
the chest opened). 

U. S. Pat No. 5,389,096 to Aita et al. describes a catheter 
based laser apparatus for use in percutaneously forming chan 
nels extending from the endocardium into the myocardium 
The catheter includes a plurality of control lines for directing 
the tip of the catheter. The patent states that because the 
myocardium is more easily traversed than the epicardium, the 
clinician may judge the depth of the channel by sensing the 
pressure applied to the proximal end of the catheter. The 
patent does not address the problem of cardiac tamponade 
that might result if the clinician inadvertently perforates the 
heart wall, nor how ablated tissue is prevented from emboliz 
ing blood vessels. Moreover, Aita et al. rely on fluoroscopic 
methods to determine the location of the distal end of the 
catheter. 
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2 
U.S. Pat. No. 5,591,159 to Taheri describes a mechanical 

apparatus for performing TMR involving a catheter having an 
end effector formed from a plurality of spring-loaded needles. 
The catheter first is positioned percutaneously within the left 
Ventricle. A plunger is then released so that the needles are 
thrust into the endocardium. The needles form small channels 
that extend into the myocardium as they are withdrawn. The 
patent Suggests that the needles may be withdrawn and 
advanced repetitively at different locations under fluoro 
scopic guidance. The patent does not appear to address how 
tissue is ejected from the needles between the tissue-cutting 
steps 
The disadvantages of the above-described previously 

known methods and apparatus for performing TMR are 
numerous and will impede the acceptance of this new treat 
ment method. For example, percutaneous laser-based sys 
tems, such as described in the Aita etal. patent, do not provide 
the ability to reliably determine the depth of the channels 
formed by the laser and may result in perforations, nor does 
that system address potential embolization of the ablated 
tissue. Likewise, previously known mechanical systems do 
not address issues such as how to remove tissue cores from the 
needles. Neither do such previously known systems provide 
the capability to assess whether channel formation or drug 
injection at a proposed site will provide any therapeutic ben 
efit. 

U.S. Pat. No. 5,910,150 (allowed U.S. patent application 
Ser. No. 08/863,877, filed May 27, 1997), which is incorpo 
rated herein by reference, describes a percutaneous system 
for performing TMR that uses a rotating tubular cutting head 
disposed for reciprocation beyond the end face of a catheter. 
Vacuum drawn through the cutting head aspirates the severed 
tissue, thus reducing the risk of embolization. 
A drawback common to all of the previously known per 

cutaneous myocardial revascularization devices is the inabil 
ity to determine whether treating a proposed site, such as by 
forming a channel in the myocardium or by injecting drugs or 
angiogenic agents, would have a therapeutic effect. For 
example, little therapeutic benefit would be expected from 
forming channels or injecting drugs orangiogenic agents in 
heavily infarcted tissue. It would therefore be desirable to 
provide apparatus and methods that enable a clinician to 
determine whether treatment at a proposed site would be 
beneficial. 

It has been observed that in the device described in the 
above-incorporated patent, the distance that the cutting head 
extends into the tissue depends upon the degree of tortuosity 
imposed on the catheter when percutaneously inserting the 
distal end of the catheter into the left ventricle. This is so 
because differences in the radii of curvature of the catheter 
and the drive tube coupled to the cutting head can result in 
significant accumulated displacement of the cutting head 
relative to the distal endface of the catheter. This displace 
ment effect is heightened where the tip of the catheter is 
articulated using a pull wire that exerts a compressive force on 
the catheter. 

Accordingly, it also would be desirable to provide appara 
tus and methods for percutaneously performing myocardial 
revascularization that enable a reciprocated cutting head to be 
advanced a controlled depth, independent of the degree of 
tortuosity imposed on the catheter. 

It further would be desirable to control the location within 
the ventricle of a distal end of a device for percutaneously 
performing myocardial revascularization, both with respect 
to features of the ventricular walls and in relation to other 
channels formed by the device. 
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It still further would be desirable to provide apparatus and 
methods for percutaneously performing myocardial revascu 
larization that enable therapeutic agents, such as angiogenic 
growth factors, genes, or drugs to be injected into the myo 
cardium within or adjacent to channels formed by the cutting 
head. 

It also would be desirable to provide the capability to 
stabilize a distal end of a device for percutaneously perform 
ing myocardial revascularization, for example, to counteract 
reaction forces created by the actuation of the cutting head, 
and to reduce transverse movement of the distal end of the 
device. 

It further would be desirable to provide apparatus and 
methods for percutaneously performing myocardial revascu 
larization that use cutting heads designed to morcellate sev 
ered tissue to enhance aspiration of the severed tissue from 
the treatment site 

SUMMARY OF THE INVENTION 

In view of the foregoing, it is an object of this invention to 
provide apparatus and methods for percutaneously perform 
ing myocardial revascularization that enable a clinician to 
determine during a percutaneous myocardial revasculariza 
tion procedure whether treatment at a proposed site would be 
beneficial. 

It is another object of the present invention to enable a 
reciprocated cutting head to be advanced to a controlled 
depth, independent of the degree of tortuosity imposed on the 
catheter. 

It is also an object of the present invention to provide 
apparatus and methods that enable control of the location 
within the ventricle of a distal end of a device for percutane 
ously performing myocardial revascularization, both with 
respect to features of the ventricular walls and in relation to 
other channels formed by the device. 

It is a further object of the present invention to provide 
apparatus and methods for percutaneously performing myo 
cardial revascularization that enable therapeutic agents, such 
as angiogenic growth factors, genes, plasmids or drugs to be 
injected into the myocardium or channels formed by the 
cutting head. 

It is another object of this invention to provide apparatus 
and methods to stabilize a distal end of a device for percuta 
neously performing myocardial revascularization, for 
example, to counteract reaction forces created by the actua 
tion of the cutting head and to reduce transverse movement of 
the distal end of the device. 

It is a still further object of the present invention to provide 
apparatus and methods for percutaneously performing myo 
cardial revascularization that use cutting heads designed to 
morcellate severed tissue to enhance aspiration of the severed 
tissue from the treatment site. 

These and other objects of the present invention are accom 
plished by providing apparatus that senses a physiologic 
parameter, e.g., electrical activity or impedance, of tissue at a 
proposed treatment site, and providing information to the 
operator indicative of a state of the tissue. The operator then 
uses that information in deciding whether to form a channel or 
inject drugs into that region tissue, or to re-position the device 
elsewhere. 

Apparatus constructed in accordance with the present 
invention comprises a catheter having an end region that is 
directable to contact a patient's endocardium at a plurality of 
positions. Preferably, the catheter comprises inner and outer 
catheters each having preformed distal bends, so that the 
distal end of the inner catheter is directable to a plurality of 
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positions. A cutting head is disposed within a lumen of the 
inner catheter and coupled to a drive tube that rotates and 
reciprocates the drive shaft. The drive tube is coupled to a 
motor that imparts rotational motion to the drive tube. One or 
more stabilizing elements are disposed on the distal end to 
retain the inner catheter in position while the cutting head is 
reciprocated beyond a distal end face of the inner catheter. The 
cutting head and drive tube include a lumen through which 
severed tissue is aspirated. 

In accordance with another aspect of the present invention, 
means are provided for limiting the maximum extension of 
the cutting head beyond the distal endface of the catheter, 
independent of the degree of bending imposed on the inner 
catheter and drive tube. In one embodiment, in which the 
drive tube and cutting head are reciprocated by a linear actua 
tor mechanism, the drive tube includes a bearing Surface that 
abuts againstamating Surface affixed within a distal region of 
the inner catheter, and circuitry that senses a parameter (e.g., 
stall torque or linear force) of a motor driving the drive tube. 
When the bearing Surface contacts the mating Surface, the 
increase in the motor parameter is sensed, forward motion 
ceases, and the direction of travel of the linear actuator 
mechanism is reversed. 

In another embodiment, the drive tube and cutting head are 
reciprocated manually, the drive tube includes a bearing Sur 
face that abuts against a mating Surface affixed within a distal 
region of the inner catheter, and the mechanism used to 
advance the drive tube transmits to the user sufficient tactile 
sensation for the user to detect that the maximum depth has 
been achieved. The handle of the device may optionally 
include a mechanism for adjusting the position of the distal 
endface of the inner catheter relative to the cutting head, to 
account for differences in the curvatures of the inner catheter 
and drive tube. 

In still other alternative embodiments, the opposing bear 
ing Surfaces may be omitted, and attainment of the maximum 
cutting depth may be sensed by a mechanical Switch, a resis 
tance-based circuit or an optical circuit. In these embodi 
ments, the maximum extension of the cutting head may be set 
independently of the adjustment required to reduce or elimi 
nate any displacement effect caused by bending of the cath 
eter. 

Methods of using the apparatus of the present invention to 
selectively form channels and/or inject therapeutic agents in 
the myocardium are also provided. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Further features of the invention, its nature and various 
advantages will be more apparent from the accompanying 
drawings and the following detailed description of the pre 
ferred embodiments, in which: 

FIG. 1 is a perspective view of an illustrative embodiment 
of apparatus constructed in accordance with the present 
invention; 

FIG. 2 is a partial sectional view of the distal region of the 
apparatus of FIG. 1; 

FIG. 3 is a perspective view illustrating how the inner and 
outer catheters can be rotated to position the distal end of the 
inner catheter at a plurality of positions; 

FIGS. 4A and 4B are, respectively, a perspective view and 
sectional view of an illustrative handle of the apparatus of 
FIG. 1: 

FIG. 5 is a block diagram of the components of a controller 
constructed in accordance with the present invention; 
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FIG. 6 illustrates how percutaneous insertion of the appa 
ratus of FIG. 1 along a tortuous path causes a variable dis 
placement between the cutting head and distal end face of the 
inner catheter; 

FIGS. 7A and 7B are, respectively, sectional views show 
ing an illustrative mechanism for limiting the maximum 
extension of the cutting head of the apparatus of FIG. 1; 

FIG. 8 is a sectional view of an alternative mechanism for 
limiting the maximum extension of the cutting head of appa 
ratus constructed in accordance with the principles of the 
present invention; 

FIGS. 9A and 9B are, respectively, sectional views of other 
alternative mechanisms for limiting and/or adjusting the 
maximum extension of the cutting head; 

FIGS. 10A-10C are views illustrating deployment and use 
of the apparatus of FIG. 1 to percutaneously form channels in 
the myocardium; 

FIG. 11 is a detailed sectional view of a needle stabilizer 
constructed in accordance with one aspect of the present 
invention; 

FIGS. 12A and 12B are, respectively, a perspective view 
and sectional view of a handle of an alternative embodiment 
of the apparatus of the present invention; 

FIGS. 13 A-13G are views of distal regions of the inner 
catheters of alternative embodiments of the present invention; 

FIGS. 14A-14E are partial perspective views of alternative 
embodiments of cutting heads of the present invention, 

FIGS. 15A-15B are, respectively, side and end views of the 
distal region of a further alternative embodiment of the inner 
catheter of the present invention; 

FIGS. 16A-16B are, respectively, side and end views of the 
distal region of another alternative embodiment of the inner 
catheter of the present invention; 

FIG.17 is a partial schematic view of an embodiment of the 
present invention that permits measurement of a physiologic 
parameter of tissue prior to channel formation and/or injec 
tion of therapeutic agent; and 

FIG. 18 is a partial schematic view of an alternative 
embodiment of the present invention that permits measure 
ment of a physiologic parameter of tissue prior to channel 
formation and/or injection of therapeutic agent. 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention provides apparatus and methods for 
percutaneously performing myocardial revascularization by 
mechanically cutting a series of channels in the myocardium 
using a rotating cutting head and aspirating the severed tissue. 
The cutting head is disposed within alumen of a catheter, and 
is extended beyond a distal end face of the catheter to bore a 
channel. In accordance with the principles of the present 
invention, a physiologic parameter is measured at a proposed 
treatment site, and that information is provided to the operator 
to assess whether to treat that site or re-position the device. 
The apparatus and methods of the present invention further 
provide for limiting the maximum extension of the cutting 
head, independent of the tortuosity of the path traversed by 
the catheter The maximum extension of the cutting head also 
may be independently adjusted. 

Referring to FIGS. 1 and 2, illustrative apparatus 20 con 
structed in accordance with the present invention is described. 
Apparatus 20 includes device 21 comprising handle 24 hav 
ing inner catheter 23 disposed within outer guide catheter 22, 
and coupled to controller 25 via cable 26 and vacuum hose 27. 
Cutting head 28 having lumen 29 and sharpened distal end 30 
is disposed within lumen31 of inner catheter 23. Cutting head 
28 is coupled to drive tube 32, which in turn is coupled via 
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6 
cable 26 to a drive system contained in controller 25 that 
imparts rotational and longitudinal motion to drive tube 32 
and cutting head 28. Suction is drawn through lumen 29 of 
cutting head 28 and drive tube 32 to aspirate tissue severed by 
the cutting head to tissue trap 33 connected to controller 25 
via vacuum hose 27. 

Controller 25 comprises a vacuum pump or vacuum can 
ister (not shown) that draws suction through lumen34 of drive 
tube 32 via hose 27, a drive train (not shown) including a 
motor and gearing that impart rotational motion to drive tube 
32 via cable 26, and a linear actuator mechanism (e.g., elec 
tromechanical or pneumatic) that reciprocates drive tube 32 
and cutting head 28 within lumen 31 of inner catheter 23. 
Controller 25 also includes display panel 35, input panel 36 (e 
g., a plurality of selector switches) and circuitry (see FIG. 5) 
for controlling operation of device 21. Further details of con 
troller 25 are described in U.S. Pat. No. 5,910,150 (allowed 
U.S. patent application Ser. No. 08/863,877, filed May 27, 
1997), which is again incorporated herein by reference. 

Inner catheter 23 is disposed for movement, either rota 
tional, longitudinal or both, within lumen 37 of outer guide 
catheter 22. Inner catheter 23 further includes lumen 38 
through which needle stabilizer 39 may be reciprocated from 
a retracted position, within lumen38, to an extended position, 
extending beyond distal endface 40 of inner catheter 23 (as 
shown in FIG. 2). A proximal end of needle stabilizer 39 is 
coupled to slider button 41 of handle 24. When moved to the 
extended position, needle stabilizer 39 retains the distal end 
of inner catheter 23 in position with respect to an endocardial 
Surface, and counteracts reaction forces generated when cut 
ting head 28 is actuated. 

Cutting head 28 and drive tube 32 are coupled via cable 26 
to a drive train that moves cutting head 28 from a retracted 
position within lumen 31 of inner catheter 23 (as shown) in 
FIG. 2), to an extended position wherein cutting head 28 and 
a distal portion of drive tube 32 extend beyond distal endface 
40 (see FIG. 3). Button 42 of handle 24 signals controller 25 
to extend and rotate cutting head 28 to cut a channel in the 
myocardium. Myocardial tissue severed by cutting head 28 is 
aspirated through lumen 34 of drive tube 32 to tissue trap 33 
to reduce the risk that the severed tissue will embolize. Cut 
ting head 28 preferably is constructed of a radio-opaque 
material or includes band 45 of radio-opaque material. Such 
as platinum-iridium, disposed on its proximal end to assist in 
visualizing the location of the cutting head under a fluoro 
Scope. 

Referring to FIG. 3, outer guide catheter 22 and inner 
catheter 23 preferably include preformed bends. In particular, 
by rotating outer guide catheter 22 (indicated by arrows A) or 
inner catheter 23 (as indicated by arrows B) relative to one 
another, or extending inner catheter 23 longitudinally with 
respect to outer guide catheter 22 (as indicated by arrows C), 
distal endface 40 of inner catheter 23 may be disposed at a 
plurality of tissue contacting locations. Accordingly, outer 
guide catheter may disposed at a first orientation relative to an 
endocardial surface, and then inner catheter 23 may be moved 
relative to outer catheter 22 to form channels at a plurality of 
positions along the path indicated by arrows B. Outer catheter 
22 may then be moved along the path indicated by arrows A, 
and a new series of holes may then be formed at that position 
by further rotating inner catheter 23. As will of course be 
understood, needle stabilizer 39 and cutting head 28 are 
retracted when moving between one channel forming posi 
tion and another. 

Referring now to FIGS. 4A and 4B, an illustrative arrange 
ment of the components of handle 24 is described Handle 24 
comprises proximal and distal portions 50 and 51, respec 
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tively, joined so that distal portion 51 may be rotated inde 
pendently of proximal portion 50. Proximal portion 50 is 
coupled to cable 26 and includes button 42 for activating the 
cutting head to bore a channel. Distal portion 51 is affixed to 
inner catheter 23 so that rotation of knob 43 of portion 51 is 
transmitted to the distal end of inner catheter 23. 

Slider button 41 is coupled to needle stabilizer 39, so that 
movement of button 41 in the distal direction deploys needle 
stabilizer 39, and movement of button 41 in the proximal 
direction retracts needle stabilizer 39 within lumen 38 of 
inner catheter 23. Needle stabilizer 39 may comprise a solid 
wire element, or may include a lumen through which thera 
peutic agents may be injected, as described hereinbelow. 
Wheel 44, if provided, is coupled to inner catheter 23 to 
permit optional adjustment of the cutting depth attained by 
cutting head 28. 

With respect to FIG. 4B, wheel 44 is disposed within 
tubular member 56 and extends within portions 50 and 51. 
Inner catheter 23 is coupled to a rigid tubular member (e.g., 
stainless steel hypotube) that extends through element 57. 
Element 57 in turn is coupled through tubular member 58 to 
distal portion 51, so that rotation of distal portion 51 is trans 
mitted to inner catheter 23. Tubular member 56 is coupled by 
threads to tubular member 58 so that rotation of wheel 44 
causes inner catheter to be moved in a distal or proximal 
direction relative to drive tube 32 (depending upon direction 
of rotation), thereby lengthening or shortening the stroke of 
cutting head 28 beyond distal end face 40 of the inner catheter. 

Drive tube 32 has proximal end 60 affixed to tubular mem 
ber 61 having skive 62. Tubular member 61 is coupled to drive 
wire 63. Tubular member 61 is disposed for rotational and 
longitudinal motion, imparted by drive wire 63, within tubu 
lar member 64. The distal end of tubular member 64 is dis 
posed within tubular member 58, while the proximal end 
includes a Suitable bearing that seals against tubular member 
61 without binding. Tissue passing through lumen 34 of drive 
tube 32 exits through skive 62 into the interior of tubular 
member 64, and then aspirated through port 65 into vacuum 
hose 27. Tubular member 64 is affixed to the interior of 
proximal portion 51 by element 66, which also supports but 
ton 42. Needle stabilizer 39 is fastened to slider button 41, 
which is in turn coupled to spool 67 to provide rigidity to the 
assembly 

Handle 24 therefore provides the ability to rotate distal 
portion 51 of the handle to orient the bend in inner catheter 23, 
while retaining button 42 on top of proximal portion 50 facing 
upward. Slider button 41 permits needle stabilizer 39 to be 
selectively deployed, and knob 43 permits the inner catheter 
to be rotated relative to the outer guide catheter. Wheel 44 
permits the inner catheter to be translated distally or proxi 
mally with respect to the cutting head, to account for the 
effects of inserting the distal portion of device 21 along a 
tortuous path. 

With respect to FIG. 5, a block diagram of the components 
of controller 25 are described Controller 25 preferably com 
prises microprocessor 70 coupled to display panel 35, input 
device 36 (e.g., keyboard), activation button 42 of handle 24, 
data storage 71 (e.g., RAM and ROM or hard disk), vacuum 
pump 72, linear actuator mechanism 73 (e.g., a worm screw 
drive or pneumatic cylinder), motor 74 and monitoring cir 
cuitry 75. Monitoring circuitry 75 may be coupled to compo 
nents 72-74, for example, to monitor the level of vacuum 
drawn by vacuum pump 72, or a motor parameter, Such as the 
displacement of or linear force applied by linear actuator 
mechanism 73 and/or the speed of or electrical current drawn 
by motor 74. 
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For example, monitoring circuitry 75 may be arranged to 

ensure that the cutting head is not extended unless there is an 
appropriate level of Suction being drawn through drive tube 
32 and cutting head 28, or that the cutting head is rotating at 
a desired RPM before being advanced into tissue. Additional 
applications for monitoring circuitry 75 are described in the 
above-incorporated, commonly assigned U.S. patent. In a 
preferred embodiment of the present invention, monitoring 
circuitry 75 is configured to limit and/or adjust the cutting 
depth attained by the cutting head, as described in detail 
below. Controller 25 also may comprise circuitry for measur 
ing a physiologic parameter of tissue, e.g., impedance or 
electrical activity, as described hereinbelow with respect to 
the embodiments of FIGS. 17 and 18. 

Referring now to FIG. 6, a distal portion of inner catheter 
23 is shown being deflected such as may be expected when the 
distal end of device 21 is percutaneously inserted along a 
tortuous path. For example, inner catheter 23 is shown as it 
may be deflected when inserted transluminally via a femoral 
artery and advanced in a retrograde manner through the aortic 
arch into the left ventricle. Drive tube 32 and cutting head 28 
are shown disposed within inner catheter 23. For purposes of 
illustration, the discrepancy between the outer diameter of 
drive tube 32 and the inner diameter of lumen 31 of inner 
catheter 23 is exaggerated. 
As depicted in FIG. 6, because inner catheter 23 has an 

average radius of curvature R, while the smaller drive tube has 
a larger radius of curvature R', the degree of tortuosity 
imposed on the distal end of device 21 causes the distal end of 
cutting head 28 to move to a variable distance 8 from distal 
endface 40 of inner catheter 23. Because the linear actuator 
mechanism is configured to advance the cutting head a pre 
determined distance, the variable distance 8 introduced by the 
degree of tortuosity changes the extend to which cutting head 
28 extends beyond distalendface 40 of the inner catheter. This 
effect is further heightened where the tip of the catheter is 
articulated using a pull wire that exerts a compressive force on 
the catheter. 

Thus, applicant has discovered that, depending upon the 
degree of flex imparted to the distal end of device 21, the 
depth of the cutting channel formed by the cutting head may 
be undesirably changed an unknown amount. Applicant has 
therefore determined that if channels are to be formed to a 
uniform and predetermined depth in the myocardium, a 
mechanism must be provided to limit and control the maxi 
mum extension of the cutting head. 

Referring now to FIGS. 7A and 7B, a first embodiment of 
apparatus and methods for providing a uniform maximum 
extension of a cutting head are described that overcome the 
aforementioned problem. In accordance with the principles 
of the present invention, device 21" having inner catheter 23', 
drive tube 32 and cutting head 28 is described. Inner catheter 
23' is similar to that described hereinabove with respect to 
FIG. 2 (preformed bend omitted for clarity), except that a 
distal region of inner catheter 23 has reduced diameter lumen 
80. Drive tube 32' includes reduced diameter portion 81 to 
which cutting head 28 is affixed. 

Drive tube 32 forms shoulder 82 where it couples to 
reduced diameter portion 81. Stainless steel washer 83a is 
disposed on drive tube 32' between low-friction washer 83b 
and shoulder 82 of drive tube 32', so that low-friction washer 
83b forms a first bearing surface. Rigid tubular member 84, 
for example, a short section of stainless steel hypotube, is 
affixed to the interior of lumen 80 of catheter 23' so that its 
proximal end forms a mating bearing Surface to low-friction 
washer 83b. Washers 83a and 83b and tubular member 84 
alternatively may be constructed or coated with a radio 
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opaque material to aid in visually positioning the drive tube to 
account for the variable distance created by bending of the 
catheter. 

In accordance with the principles of the present invention, 
the linear actuator is configured to advance drive wire 63 (see 
FIG. 4A), and therefore drive tube 32' and cutting head 28 
until low-friction washer 83b abuts against the proximal end 
of rigid tubular member 84. In this manner, drive tube 32 and 
cutting head 28' are advanced a total distance of 8+D, where 
8 is the unknown distance caused by differential bending of 
the drive tube and the inner catheter, and D is the desired 
maximum extension of cutting head 28' beyond distalendface 
40' of inner catheter 23'. 

Applicant has determined however, that where forward 
motion of the drive tube is controlled by a mechanical actua 
tor, some precaution must be made to ensure that forward 
motion of the linear actuator in controller 25 stops when 
low-friction washer 83 first contacts rigid member 84. Oth 
erwise, the forward motion of the drive tube might tear the 
distal end of inner catheter 23' off or cause buckling of drive 
tube 32". 

Further in accordance with the present invention, monitor 
ing circuitry 75 of controller 25 (see FIG. 5) therefore is 
adapted to sense a parameter of the motor 74 or linear actuator 
73, and to signal linear actuator 73 to cease forward (i.e. 
distal) motion of the drive tube. This may be accomplished, 
for example, by monitoring the stall torque of motor 74 e.g., 
by monitoring the winding current required by that compo 
nent, or by monitoring the linear displacement or linear force 
applied by linear actuator 73. Processor 70 may be pro 
grammed to then reverse the direction of linear actuator 
mechanism 73 responsive to the motor parameter of compo 
nent 73 or 74 exceeding a predetermined threshold. Thus, the 
cutting head will be retracted as soon as low-friction washer 
83b bears against rigid tubular member 84 with sufficient 
force to cause a disturbance in the monitored parameter for 
motor 74 or linear actuator 73. 

Referring to FIG. 8, an alternative embodiment for sensing 
that the maximum cutting depth has been attained is 
described. Drive tube 32' is coupled to reduced diameter 
portion 80, and includes electrically conductive washer 85 
disposed adjacent to shoulder 82 Electrical lead wires 86 and 
87 are disposed in grooves 88 in the outer surface of inner 
catheter 23. Lead wires pass through holes 89 and are 
coupled to electrical contacts 90. When drive tube 32' is 
advanced in the distal direction, washer 85 bears against 
contacts 90, thereby completing an electrical circuit that can 
be sensed by controller 25. When the controller senses that the 
switch formed by washer 85 and contacts 90 is closed, it 
signals linear actuator 73 to reverse direction. 

With respect to FIG. 9A, an alternative embodiment is 
described that permits the variable distance 8 imposed by 
bending of the catheter to be accounted for, and also permits 
the maximum cutting depth to be adjusted. In this embodi 
ment, which omits a mechanical stop as in the embodiments 
of FIGS. 7 and 8, inner catheter 23 includes groove 91 with 
window 92 communicating with lumen 31. Resilient contact 
element 93 is disposed through window 92 to contact the 
distal end of cutting head 28. Contact element 93 is config 
ured to deflect upwardly to permit unobstructed distal and 
proximal movement of cutting head 28 and drive tube 32. 
Contact element 93 is coupled to one or more electrical wires 
94 disposed in groove 91 that couple to controller 25 via 
handle 24 and cable 26 

In accordance with one aspect of the present invention, 
contact element 93 provides a signal that is sensed by con 
troller 25 to determine the location of cutting head 28 relative 
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to distal endface 40 of inner catheter 23. Contact element 93 
may comprise, for example, a resilient wire element coupled 
to a strain gauge. Alternatively, contact element 93 may be 
energized with an electric current to form one part of an 
electrical Switch that is closed when it contacts cutting head 
28, also coupled to the electric current by one or more suitable 
conductors (not shown). Still other mechanisms for detecting 
the proximity of cutting head 28, such as a Hall effect sensor, 
may be employed. Accordingly, once the distal end region of 
inner catheter 23 is disposed within the patient’s left ven 
tricle, inner catheter 23 may be adjusted proximally or dis 
tally until contact element 93 indicates that the cutting head is 
located a predetermined distance from distal endface 40. 
As a further aspect of the embodiment of FIG. 9A, linear 

actuator 73 of controller 25 may be programmed to accept a 
stroke input via input device 36 of controller 25. In this 
manner, inner catheter 23 may be adjusted to first eliminate 
the variable distance 8 introduced by bending of the inner 
catheter, e.g., using wheel 44 on handle 24, while the exten 
sion of cutting head 28 beyond distal endface 40 of inner 
catheter 23 may be independently adjusted to a user selected 
value as a function of the stroke length of linear actuator 73. 
Alternatively, wheel 44 may be omitted, and linear actuator 
73 may be programmed to first “Zero out the variable dis 
tance 8 using the signal provided from contact element 93, 
and then accepts a user selectable stroke length that deter 
mines the maximum depth of the channel. 

With respect to FIG.9B, another alternative embodiment 
for controlling that the maximum cutting depth is described. 
This embodiment also omits a mechanical stop, and includes 
inner catheter 23 having fiber optic element 95 disposed in 
lumen96. The distal end of fiber optic element 95 is cut at a 
45° angle, so that light transmitted along the element is emit 
ted through aperture 97 that opens into lumen 31. Light 
Source 98, e.g., a laser diode, is coupled to the proximal end of 
fiber optic element 95 by means that are per se known. 

Optically absorptive material 99 is disposed on the interior 
of the opposing wall of the inner catheter, so that light emitted 
by element 95 is absorbed when the cutting head 28 is fully 
retracted proximally of aperture 97. When drive tube 32 
obscures aperture 97, some of the light emitted by element 95 
is reflected back into the distal end of the fiber optic element. 
This reflected light may be sensed by suitable circuitry in 
controller 25, and used to signal processor 70 that cutting 
head 28 is located a predetermined distance from distal end 
face 40 of inner catheter 23, thereby “Zeroing out the vari 
able distance Ö. As for the embodiment of FIG. 9A, linear 
actuator 73 of controller 25 may be programmed to then 
provide a maximum cutting depth as a function of the stroke 
length of the linear actuator, independent of the degree of 
bending imposed on the inner catheter. 
As will of course be understood, still other mechanisms 

may be used to sense that the location of the cutting head or 
drive tube relative to the distal endface of inner catheter 23, or 
Some other reference point of distal end region of inner cath 
eter 23. For example, saline or blood introduced into lumen 
31 between the cutting head and a pair of electrical leads may 
be used to sense the location of the cutting head by measuring 
impedance across the lumen. Still other mechanisms may 
include, for example, piezoelectric crystals that use ultra 
Sound or measure stress, so long as the mechanisms are Suf 
ficiently compact to be disposed near the distal end of the 
inner catheter without appreciably increasing the overall 
diameter of the inner catheter. 

Referring now to FIGS. 10A-10C, a method of using the 
apparatus of the present invention to percutaneously perform 
myocardial revascularization is described. In FIG.10A, distal 
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region 100 of device 21 of FIG. 1 is shown positioned in a 
patient’s left ventricular cavity, using techniques which are 
per se known. Specifically, distal region 100 of device 21 is 
inserted via a femoral artery, and is maneuvered under fluo 
roscopic guidance in a retrograde manner up through the 
descending aorta, through aortic arch A, and down through 
ascending aorta AA and aortic valve AV into left ventricle LV. 
Previously known imaging techniques, such as ultrasound, 
MRI scan, CT scan, or fluoroscopy, may be used to verify the 
location of the distal region 100 within the heart. 

In FIG. 10B, slider button 41 on handle 24 is advanced to 
extend needle stabilizer 39 so that it penetrates into the myo 
cardium a predetermined distance, for example, 7 mm. But 
ton 42 on handle 24 then is depressed, causing the drive 
system of controller 25 to extend cutting head 28 to bore a 
channel into the myocardium to a predetermined depth. Alter 
natively, button 42 of handle 24 may be omitted, and control 
ler 25 instead programmed so that linear actuator 73 causes 
the cutting head to be extended a predetermined interval of 
time (e.g., 1 second) after slider button 41 is actuated. In this 
alternative embodiment, slider button 41 will of course have 
to generate a signal that is communicated to controller 25 via 
cable 26. 
When cutting head 28 engages the endocardium, a reaction 

force is generated in inner catheter 21 that tends both to push 
distal region 100 away from the tissue. Needle stabilizer 39 
counteracts these reaction forces and reduces transverse 
movement of the distal end of inner catheter 23, thus retaining 
the inner catheter in position while the cutting head is 
extended and retracted. Tissue severed by the cutting head is 
aspirated to trap 33 of controller 25. 
Once cutting head reaches its maximum extension, as 

determined by any of the means described hereinabove, pro 
cessor 70 causes forward motion of the cutting head to cease. 
In the embodiments using linear actuator 73, processor 70 
also issues a command to reverse the direction of linear actua 
tor 73. This in turn causes cutting head 28 to be withdrawn 
from channel C formed in the myocardium to a position just 
below distal endface 40 of inner catheter 23. 
As shown in FIG.10C, a matrix of spaced-apart channels C 

may be formed in the wall of left ventricular wall LV by 
rotating outer guide catheter 22 and inner catheter 23 relative 
to one another (see FIG. 3). Needle stabilizer 39 and cutting 
head 28 are then advanced at each position to form further 
channels C in the tissue. The foregoing methods therefore 
enable a matrix of channels to beformed in the left ventricular 
wall. It is believed that such channels may be drilled any 
where on the walls of the heart chamber, including the sep 
tum, apex and left ventricular wall, and the above-described 
apparatus provides this capability. 

Referring to FIG. 11, a preferred embodiment of a needle 
stabilizer of the present invention is described. Because the 
needle stabilizer is subject to the same type of flex-induced 
displacement as the drive tube (as discussed with respect to 
FIG. 6), it would be desirable to ensure that the needle stabi 
lizer is extended to a predetermined depth, independent of the 
degree of bending imposed on inner catheter 23. 

Needle stabilizer 39" therefore includes push wire 110, 
Such as a Teflon-coated Stainless steel wire, having tubular 
member 111, for example, a short length of stainless steel 
hypotube, welded to it. Tubular member 110 is disposed in 
bore 112 of catheter 23", and is captured in bore 112 by 
member 113. Member 113 is affixed to inner catheter 23", and 
stops the forward motion of tubular member 111 when slider 
button 41 is pushed in the distal direction. Advantageously, 
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12 
tubular member 111 may comprise a radio-opaque material, 
thus ensuring that the location of needle stabilizer 39" is 
visible under a fluoroscope. 

Referring now to FIGS. 12A and 12B, handle 120 of an 
alternative embodiment of the present invention is described. 
In this embodiment, linear actuator 73 of controller 25 is 
omitted, and drive tube 32 and cutting head 28 are instead 
advanced by slider button 121 of handle 120. Like compo 
nents of handle 120 with the components of handle 24 of 
FIGS. 4A and 4B are indicated by like numbers. 

Handle 120 differs that instead of having button 42 signal 
processor 70 to activate linear actuator mechanism, slider 
button 121 instead includes yoke 122 that is engaged with 
disk 123 affixed to an extension of drive wire 63. Disk 123 is 
biased in a proximal position by spring 124. In this embodi 
ment, the drive tube and inner catheter preferably include a 
mechanical stop, such as shown in FIGS. 7A and 7B. Thus, 
the clinician can sense when drive tube 32' has abutted against 
tubular member 84, and may release forward pressure on 
slider button 121, thereby allowing spring 124 to return the 
cutting head to its retracted position. 

With respect to FIGS. 13 A-13F, alternative embodiments 
of stabilizer elements suitable for use with device 21 of the 
present invention are described. In FIG. 13A, the distal end of 
inner catheter 130 includes a plurality of longitudinal slits 
131 that allow the catheter to fold back on itself to form a 
plurality of stabilizing members 132 when urged against an 
endocardial surface. Stabilizer members 132 preferably are 
angled in a distal direction to engage and Stabilize the distal 
end of the inner catheter against the endocardial Surface dur 
ing activation of the cutting head. 

In FIG. 13B, inner catheter 134 includes a plurality of 
lumens through which preformed wires 135, comprising, for 
example, a nickel-titanium alloy, are advanced. Each of the 
preformed wires 135 includes a ball or foot 136 for engaging 
an endocardial Surface to stabilize the inner catheter in con 
tact therewith. Wires 135 may be advanced or retracted singly 
or as a group. 

In FIG. 13C, inner catheter 140 includes and alternative 
embodiment of needle stabilizer 39 of FIG.2. In this embodi 
ment, needle stabilizer 141 includes lumen 142 that may be 
coupled, for example, to a Syringe containing a therapeutic 
agent Such as a drug, angiogenic factors, gene Vectors, plas 
mids, etc. Needle stabilizer 142 therefore not only serves to 
stabilize the distal end of inner catheter 140 in contact with 
the endocardium during activation of the cutting head, but 
also enables a therapeutic agent to be injected into the tissue 
prior to, during, or after the channel is formed in the myocar 
dium. 

Alternatively, several such needle stabilizers may be 
arranged around the cutting head to provide enhanced Stabi 
lization or multiple injection sites for therapeutic agents, as 
described hereinafter with respect to FIGS. 15 and 16. As a 
further alternative, needle stabilizer 141 may be disposed 
directly adjacent to cutting head 143 (illustrated partly 
extended) so that the channel formed in the myocardial tissue 
by cutting head 143 communicates with the needle track 
formed by needle stabilizer 141. Thus, when cutting head 143 
is retracted, lumen 142 of needle stabilizer 141 may be used 
to inject a therapeutic agent into the channel formed by cut 
ting head 143. 

Advantageously, lumen 142 of the embodiment of FIG. 
13C permits a therapeutic agent to be injected at locations 
adjacent to, or directly into, the channel formed by cutting 
head 143. By comparison, use of a separate needle catheter to 
inject atherapeutic agent into the myocardium after the chan 
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nel forming process is completed would result in the thera 
peutic agent being injected at random locations relative to the 
previously formed channels. 

In FIG. 13D, inner catheter 145 includes conical element 
146 formed of a resilient material. Conical member 146 may 
be urged against an endocardial Surface so that base 147 
provides a larger Surface area for stabilizing the inner catheter 
in contact with the endocardium. In conjunction with Suction 
drawn through the cutting head, conical member 146 may 
serve as a Suction cup for retaining the inner catheter in 
contact with the endocardial Surface. 

In FIG.13E, inner catheter 150 includes inflatable member 
151 disposed on its distal end for contacting an endocardial 
surface. Inflatable member 151 is inflated by a suitable infla 
tion medium, Such as Saline, injected through inflation tube 
152. As with the embodiment of FIG.13D, inflatable member 
151 increases the surface area against which the distal end of 
the inner catheter is stabilized. Moreover, suction may be 
drawn through lumen 153 so that the inflatable member 
serves as a suction cup, as in the embodiment of FIG. 13E. 
Alternatively, lumen 153 may be used to inject a therapeutic 
agent into cavity 154 formed by inflatable member, and thus 
serve as a “dam' to direct the therapeutic agent into the 
channel formed in the myocardium by the cutting head. 

In FIG. 13F, inner catheter 160 includes a plurality of wires 
161 that are extended through lumens (not shown) in inner 
catheter 160 and to form stabilizer legs 162 that stabilize the 
distal end of the inner catheter against the endocardial Sur 
face. Wires 161 may be deployed and retracted individually or 
in unison. Additional forms of stabilizers comprising extend 
able wires are describe in the above-incorporated, commonly 
assigned U.S. Patent. 

In FIG. 13G, inner catheter 155 includes pull wire 156 
slidingly embedded disposed in a lumen (not shown) and 
affixed to the distal end of the inner catheter. In this embodi 
ment, instead of inner catheter having a preformed bend, pull 
wire 156 is instead pulled in a proximal direction to direct the 
distal end of inner catheter 155 to a desired location on the 
endocardial surface. Inner catheter 155 may in addition 
include needle stabilizer 157 such as described hereinabove 
with respect to FIG. 2. 

Referring now to FIGS. 14A-14E, alternative embodi 
ments of cutting heads constructed in accordance with the 
present invention are described. In FIG. 14A, cutting head 
170 comprises tubular member 171 affixed to drive tube 172 
having sharpened beveled edge 173 and lumen 174. Cutting 
head 170 includes enlarged diameter region 175 that commu 
nicates with lumen 174. It is believed that the presence of the 
step between enlarged diameter region 175 and lumen 174 
will enhance morcellation and aspiration of tissue severed by 
cutting head 170. In particular, when the core of tissue in 
enlarged diameter region 175 contacts the smaller diameter of 
lumen 174, the tissue core is twisted off at its base. 

In FIG. 14B, cutting head 180 comprises tubular member 
181 affixed to drive tube 182 and having sharpened edge 183 
and lumen 184. Cutting head 180 includes a plurality of flutes 
or grooves 185 extending along lumen 184 that are expected 
to enhance friction between the cutting head and the severed 
tissue, thereby enhancing morcellation and aspiration of tis 
sue severed by cutting head 180. 

In FIG. 14C, cutting head 190 comprises tubular member 
191 affixed to drive tube 192 and having sharpened edge 193 
and lumen 194. Cutting head 190 includes a plurality of pins 
195 that extend into lumen 194. It is expected that pins 195 
will shred the severed tissue core as the cutting head rotates, 
thereby enhancing aspiration of tissue severed by cutting 
head 190. 
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In FIG. 14D cutting head 200 comprises tubular member 

201 affixed to drive tube 202 and having sharpened edge 203 
and lumen 204. Cutting head 200 includes band 205 having 
sharpened edge 206 that spans the interior into lumen 204, 
and which is expected to shred the severed tissue core as the 
cutting head rotates, thereby enhancing aspiration of tissue 
severed by cutting head 200. 
With respect to FIG. 14E, cutting head 210 comprises 

tubular member 211 affixed to drive tube 212 and having 
lumen 213. Cutting head 210 includes sharpened element 214 
that extends from distal endface 215 of the cutting head. 
Sharpened element 214 is expected to shred the myocardial 
tissue as the cutting head is rotated and extended, thus 
improving aspiration of tissue severed by the cutting head. 

Referring to FIGS. 15A-15B and 16A-16B, further alter 
native embodiments of the device of FIG. 13C are described. 
In FIGS. 15A and 15B, inner catheter 220 includes multiple 
needle stabilizers 221 that may be retractable extended from 
distal endface 222. Each of needle stabilizers 222 includes 
lumen 223 that may be coupled to a source of therapeutic 
agent to inject Such material into the myocardium at locations 
adjacent to the channel cut by a cutting head (not shown) 
extended from lumen 224 of inner catheter 220. In the 
embodiment of FIGS. 15A and 15B, needle stabilizers 221 
diverge from axis 225 of the cutting head. 

In FIGS. 16A and 16B, a further alternative of the embodi 
ment of FIGS. 15 is depicted. Inner catheter 230 comprises 
central lumen 231 having extendable cutting head 232 
(shown in the extended position) and converging reciprocable 
needle stabilizers 233. Each of needle stabilizers 233 prefer 
ably includes lumen 234 for injecting a therapeutic agent into 
the myocardial tissue distal to the maximum depth achieved 
by cutting head 232. Needle stabilizers optionally also may 
include side ports 234a. Alternatively, needle stabilizers 233 
may be configured to converge just at the distal end of the 
channel formed by cutting head 232, so that material injected 
through lumens 234 enters the channel formed by the cutting 
head. As a yet further alternative, needle stabilizers 233 may 
be used to inject a bolus of fluid, Such as Saline, prior to or 
during the channel forming process to facilitate aspiration of 
the myocardium severed by cutting head 232. 

Referring now to FIGS. 17 and 18, apparatus constructed in 
accordance with a further feature of the present invention are 
described. With respect to FIG. 17, apparatus similar to that of 
FIG. 1 includes inner catheter 240 having reciprocable needle 
stabilizers 241 disposed on either side of lumen 242 that 
houses the cutting head. Each of needle stabilizers 241 
includes lumen 243 and comprises an electrically conductive 
material, e.g., stainless Steel, and is coupled via conductors 
244 to monitoring circuit 245. Sensing circuit 245, which 
preferably measures a physiologic parameter of the myocar 
dium, is in turn coupled to processor 70 of controller 25. 

In one embodiment, sensing circuit 245 may sense electri 
cal activity (e.g., EKG or impedance) in the myocardium 
between needle stabilizers 241 and generate a signal that is 
displayed to the clinician operating the instrument. Thus, in 
accordance with one aspect of the methods of the present 
invention, the clinician may dispose inner catheter against a 
region of tissue, deploy needle stabilizers 241, and obtain a 
reading of the degree of electrical activity in that region of the 
myocardium. 

If the sensed electrical activity is low, indicating that the 
tissue region is heavily infarcted, the clinician may forego 
boring a channel. Instead, the clinician may instead simply 
re-position the distal end of the catheter in contact with 
another region of tissue more likely to experience a beneficial 
effect from myocardial revascularization. Likewise, the cli 
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nician also may use the sensed physiological parameter as an 
aid in determining whether to inject therapeutic agents via 
lumens 243. 

Referring to FIG. 18, an alternative embodiment of the 
device of FIG. 17 is described. In this embodiment the appa 
ratus includes inner catheter 250 having electrically conduc 
tive end cap 251. Cutting head 252 (shown in the extended 
position) is disposed for reciprocation in lumen 253 of inner 
catheter 250. Needle stabilizer 254 includes injection lumen 
255 and dielectric coating 256 over its proximal length. End 
cap 251 and uninsulated distal region 257 of needle stabilizer 
are coupled via electrical conductors 258 to sensing circuit 
259. A reference electrode (not shown), e.g., a grounding pad, 
may be coupled to the patient at a remote location. As for the 
embodiment of FIG. 17, sensing circuit 259 is coupled to 
processor 70 of controller 25 and is configured to sense or 
measure a physiologic property of the tissue. 

In the embodiment of FIG. 18, sensing circuit 259 prefer 
ably measures and displays a signal corresponding to the 
electrical impedance of the material sensed between the end 
cap and reference electrode Thus, for example, a signal gen 
erated by sensing circuit 259 may be used by the clinician to 
determine when the distal end of the inner catheter is in 
contact with tissue. In addition, by deploying needle stabi 
lizer 254 and measuring and displaying a metric correspond 
ing to the impedance between end cap 251 and uninsulated 
region 257 of needle stabilizer 255, the clinician may be able 
to assess the viability of the tissue. 

Further in accordance with the methods of the present 
invention, if the sensed electrical impedance indicates that the 
tissue region is heavily infarcted, the clinician may forego 
boring a channel at that location. Instead, the clinician may 
instead reposition the distal end of the catheter in contact with 
another region of tissue more likely to experience a beneficial 
effect from myocardial revascularization. Also, the clinician 
may use the sensed impedance level (or other physiologic 
parameter) as an aid in determining whether to inject thera 
peutic agents via lumens 255. 

While preferred illustrative embodiments of the invention 
are described, it will be apparent that various changes and 
modifications may be made therein without departing from 
the invention, and the appended claims are intended to cover 
all such changes and modifications that fall within the true 
spirit and scope of the invention. 

What is claimed is: 
1. Apparatus for percutaneously performing myocardial 

revascularization comprising. 
a first catheter adapted for insertion into the left ventricle, 

the first catheter having a lumen and a distal endface 
movable to a plurality of sites on an endocardial Surface; 

a stabilizer element disposed on the first catheter, the sta 
bilizer element contacting the endocardial Surface to 
stabilize the first catheter against the endocardial sur 
face; 

a cutting head disposed movable from a retracted position 
within the lumen of the first catheter to an extended 
position wherein the cutting head extends beyond the 
distal endface of the first catheter to form a channel in 
cardiac tissue; and 

means for sensing a physiologic state of cardiac tissue in a 
region adjacent to the distalendface of the first catheter. 

2. The apparatus of claim 1 wherein a distal region of the 
first catheter further comprises a preformed bend 

3. The apparatus of claim 1 wherein the first catheter 
further comprises a pull wire for directing the distal endface 
of the first catheter. 
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4. The apparatus of claim 1 further comprising a second 

catheter adapted for insertion into the left ventricle, the sec 
ond catheter having a preformed bend and alumen for accept 
ing the first catheter therethrough. 

5. The apparatus of claim 1 further comprising means for 
adjusting a maximum cutting depth of the cutting head. 

6. The apparatus of claim 1 wherein the stabilizer element 
comprises a first retractable needle. 

7. The apparatus of claim 6 wherein the distal end of the 
first catheter comprises an electrically conductive end cap, 
the means for sensing comprising circuitry for measuring an 
electrical impedance of cardiac tissue between the end cap 
and a reference electrode located at a remote position. 

8. The apparatus of claim 6 wherein the distal end of the 
first catheter comprises an electrically conductive end cap, 
and the means for sensing comprises circuitry for measuring 
an electrical impedance of cardiac tissue disposed between 
the end cap and the first retractable needle. 

9. The apparatus of claim 6 wherein the stabilizer element 
further comprises a second retractable needle, the means for 
sensing comprising circuitry for measuring a physiologic 
state of cardiac tissue disposed between the first and second 
retractable needles. 

10. The apparatus of claim9 wherein the physiologic state 
comprises one of a degree of electrical activity within the 
cardiac tissue or an electrical impedance of the cardiac tis 
Sue. 

11. The apparatus of claim 6 wherein the first retractable 
needle is curved towards or away from a longitudinal axis of 
the cutting head. 

12. The apparatus of claim 6 wherein the first retractable 
needle includes alumen having one or more ports adapted for 
injecting a therapeutic agent into the cardiac tissue. 

13. The apparatus of claim 1 further comprising means for 
limiting extension of the cutting head in the extended posi 
tion. 

14. The apparatus of claim 13 wherein the means for 
limiting extension comprises an electrical circuit that senses 
when the cutting head is disposed a predetermined distance 
from the distal endface of the first catheter. 

15. The apparatus of claim 14 wherein the electrical cir 
cuit further comprises one of a fiber optic element, a resilient 
contact member, a strain gauge, a Hall effect sensor or an 
electrically conductive fluid 

16. The apparatus of claim 13 wherein the means for 
limiting extension further comprises monitoring circuitry for 
monitoring a motor parameter and generating a signal that 
causes movement of the cutting head towards the extended 
position to cease when the motor parameter exceeds a prede 
termined threshold 

17. The apparatus of claim 1 wherein the stabilizer ele 
ment comprises one of a plurality of stabilizing members 
adapted to be adjusted between a contracted State and an 
expanded State, an inflatable member, and a plurality of sec 
tions of the first catheter that fold back on themselves when 
the distal endface is urged against an endocardial Surface. 

18. The apparatus of claim 1 further comprising drive 
means for rotating the cutting head and a linear actuator that 
translates the cutting head from the retracted position to the 
extended position. 

19. The apparatus of claim 1 wherein the cutting head 
comprises a tubular member having a lumen through which 
cardiac tissue severed by the cutting head is aspirated, the 
cutting head further comprising one of a stepped portion 
disposed between the lumen and a distal endface of the cut 
ting head, a plurality of flutes or grooves disposed along an 
interior surface of the lumen, a member that projects within 
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the lumen, and a sharpened element extending from a distal 
endface of the cutting element. 

20. Apparatus for percutaneously performing myocardial 
revascularization comprising. 

a first catheter adapted for insertion into the left ventricle, 
the first catheter having a cutting head lumen, a needle 
lumen, and a distal endface movable to a plurality of 
sites on an endocardial Surface; 

a first needle disposed on the first catheter movable from a 
retracted position within the needle lumen to an 
extended position extending beyond a distal endface of 
the first catheter, the first needle contacting and penetrat 
ing the endocardial surface to stabilize the first catheter 
against the endocardial Surface; and 

a cutting head disposed movable from a retracted position 
within the lumen of the first catheter to an extended 
position wherein the cutting head extends beyond the 
distal endface of the first catheter to form a channel in 

cardiac tissue. 
21. The apparatus of claim 20 wherein the first needle 

includes alumen having one or more ports adapted for inject 
ing a therapeutic agent into the cardiac tissue. 

22. The apparatus of claim 20 wherein the distal end of the 
first catheter comprises an electrically conductive end cap, 
the apparatus further comprising sensing circuitry for mea 
Suring an electrical impedance of cardiac tissue between the 
end cap and a reference electrode at a remote location. 

23. The apparatus of claim 20 wherein the distal end of the 
first catheter comprises an electrically conductive end cap, 
the apparatus further comprising sensing circuitry for mea 
Suring an electrical impedance of cardiac tissue disposed 
between the end cap and the first needle. 

24. The apparatus of claim 20 wherein further comprising 
a second needle mounted for extension and retraction from 
the distal end face of the first catheter, the apparatus further 
comprising sensing circuitry for measuring a physiologic 
state of cardiac tissue disposed between the first and second 
needles. 

25. The apparatus of claim 24 wherein the physiologic 
state comprises one of a degree of electrical activity within 
the cardiac tissue or an electrical impedance of the cardiac 
tissue. 

26. The apparatus of claim 20 wherein a distal region of 
the first catheter further comprises a preformed bend, the 
apparatus of further comprising a second catheter adapted for 
insertion into the left ventricle, the second catheter having a 
preformed bend and a lumen for accepting the first catheter 
therethrough. 

27. The apparatus of claim 20 further comprising means 
for adjusting a maximum cutting depth of the cutting head 

28. The apparatus of claim 20 further comprising means 
for limiting extension of the cutting head in the extended 
position. 

29. The apparatus of claim 20 wherein the cutting head 
comprises a tubular member having a lumen through which 
cardiac tissue severed by the cutting head is aspirated, the 
cutting head further comprising one of a stepped portion 
disposed between the lumen and a distal endface of the cut 
ting head, a plurality of flutes or grooves disposed along an 
interior Surface of the lumen, a plurality of pins projecting 
within the lumen, a sharpened band disposed within and 
spanning the lumen, and a sharpened element extending from 
a distal endface of the cutting element. 

30. A method of percutaneously performing revascular 
ization of a patient’s cardiac tissue, the method comprising: 
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providing a first catheter adapted for insertion into the left 

Ventricle comprising a stabilizer element and a cutting 
head movable from a retracted position to an extended 
position; 

advancing a distal region of the first catheter transluminally 
to a position within a patient’s left ventricle: 

deploying the stabilizer element to stabilize the distal 
region of the first catheter in contact with an endocardial 
Surface; 

sensing a physiologic state of cardiac tissue in a portion of 
the cardiac tissue adjacent to the distal end face of the 
first catheter; and 

if it is determined that myocardial revascularization in the 
portion of cardiac tissue adjacent to the distal endface 
would have a beneficial effect, advancing the cutting 
head from the retracted to the extended position to bore 
a channel into the patient's cardiac tissue. 

31. The method of claim 30 wherein the stabilizer element 
comprises a first retractable needle and deploying the stabi 
lizer element comprises advancing the first retractable needle 
to penetrate into the patient’s cardiac tissue. 

32. The method of claim 31 wherein the distal end of the 
first catheter comprises an electrically conductive end cap, 
and sensing a physiologic state further comprises measuring 
an electrical impedance of cardiac tissue between the end cap 
and a reference electrode located at a remote location. 

33. The method of claim 32 wherein the distal end of the 
first catheter comprises an electrically conductive end cap, 
and sensing a physiologic state further comprises measuring 
an electrical impedance of cardiac tissue disposed between 
the end cap and the first retractable needle. 

34. The method of claim33 further comprising comparing 
a measured value of electrical impedance of the cardiac tissue 
to a predetermined threshold to decide whether to advance the 
cutting head or re-position the first catheter 

35. The method of claim 31 wherein the stabilizer element 
further comprises a second retractable needle, and sensing a 
physiologic state further comprises measuring a physiologic 
state of cardiac tissue disposed between the first and second 
retractable needles. 

36. The method of claim 35 wherein measuring a physi 
ologic State comprises measuring one of a degree of electri 
cal activity within the cardiac tissue or an electrical imped 
ance of the cardiac tissue. 

37. The method of claim 36 further comprising determin 
ing a degree of infarction based on the measured value of the 
physiologic state of the cardiac tissue. 

38. The method of claim 31 wherein the first retractable 
needle includes alumen having one or more ports, the method 
further comprising injecting a therapeutic agent into the car 
diac tissue through the lumen via the one or more ports. 

39. The method of claim 31 further comprising aspirating 
cardiac tissue severed by the cutting head. 

40. A method of percutaneously performing revascular 
ization of a patient’s cardiac tissue, the method comprising: 

providing a first catheter adapted for insertion into the left 
Ventricle comprising a first needle movable from a 
retracted position to an extended position and a cutting 
head movable from a retracted position to an extended 
position; 

advancing a distal region of the first catheter transluminally 
to a position within a patient’s left ventricle: 

advancing the first needle to the extended position to pen 
etrate and stabilize the distal region of the first catheter in 
contact with an endocardial Surface; 

rotating the cutting head; and 
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advancing the cutting head from the retracted to the 
extended position to bore a channel into the patient’s 
cardiac tissue. 

41. The method of claim 40 wherein the first needle 
includes a lumen having one or more ports, the method further 5 
comprising injecting a therapeutic agent into the cardiac tis 
Sue through the lumen via the one or more ports. 

42. The method of claim 40 wherein the first catheter 
further comprises a second needle movable from a retracted 
position to an extended position, the method further compris- 10 
ing measuring a physiologic state of cardiac tissue disposed 
between the first and second needles. 

43. The method of claim 42 wherein measuring a physi 
ologic state comprises measuring one of a degree of electri 
cal activity within the cardiac tissue or an electrical imped- 15 
ance of the cardiac tissue. 

44. The method of claim 42 further comprising determin 
ing a degree of infarction based on the measured value of the 
physiologic state of the cardiac tissue. 

45. The method of claim 40 further comprising aspirating 20 
cardiac tissue severed by the cutting head. 

46. An apparatus comprising: 
a first Catheter adapted for percutaneous insertion into a 

cardiac tissue, the first catheter having a needle lumen 
with a longitudinal axis, a stabilizer lumen radially of 25 
set from the needle lumen, and a distalendface steerable 
to a plurality of sites on the cardiac tissue relative to 
another portion of the first catheter proximal to the 
distal endface, 

a needle disposed within the needle lumen while in a 30 
retracted position, the needle moveable from the 
retracted position, through the distal endface, to an 
external position beyond the distal endface in which the 
needle extends in alignment with the longitudinal axis of 
the needle lumen from the distalendface to a distal tip of 35 
the needle, the needle having at least one lumen to inject 
a therapeutic agent into the cardiac tissue, 

a stabilizer element to stabilize the first catheter against the 
cardiac tissue, the stabilizer element moveable through 
the stabilizer lumen from an unextended position to an 40 
extended position, wherein the stabilizer element is dis 
posed within the stabilizer lumen while in the unex 
tended position, and wherein the stabilizer element 
angles in a distal direction while in the extended posi 
tion, and 45 

a second catheter adapted for insertion into a left ventricle, 
the second catheter having a preformed bend and an 
inner lumen for receiving movement of the first catheter 
therethrough. 

47. The apparatus of claim 46, wherein the stabilizer ele- 50 
ment comprises at least one wire. 

48. The apparatus of claim 47 wherein the at least one wire 
is responsible for stabilizing the distal endface against the 
cardiac tissue. 

49. The apparatus of claim 46, wherein the cardiac tissue is 55 
an intraventricular wall. 

50. The apparatus of claim 46, wherein a distal region of 
the first catheter further comprises a preformed bend. 

51. The apparatus of claim 46, wherein the stabilizer ele 
ment is configured to retain the distal endface of the first 60 
catheter against a surface of the cardiac tissue and includes 
a surface parallel to the first catheter: 

52. The apparatus of claim 46 wherein the stabilizer ele 
ment is configured to retain the distal endface of the first 
Catheter against a surface of the cardiac tissue to ensure that 
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the needle is stable relative to the cardiac tissue when inject 
ing a therapeutic agent into the cardiac tissue. 

53. The apparatus of claim 46 wherein the needle can 
advance to different depths into the cardiac tissue. 

54. An apparatus comprising: 
a first Catheter adapted for percutaneous insertion into a 

Cardiac tissue, the first catheter having a preformed 
bend, a needle lumen with a longitudinal axis, a stabi 
lizer lumen radially offset from the needle lumen, and a 
distal endface steerable to a plurality of sites on the 
Cardiac tissue relative to another portion of the first 
Catheter proximal to the distal endface, 

a needle disposed within the needle lumen while in a 
retracted position, the needle moveable from the 
retracted position, through the distal endface, to an 
external position beyond the distal endface in which the 
needle extends in alignment with the longitudinal axis of 
the needle lumen from the distalendface to a distal tip of 
the needle, the needle having at least one lumen to inject 
a therapeutic agent into the cardiac tissue, 

a stabilizer element to stabilize the first catheter against the 
Cardiac tissue, the stabilizer element moveable through 
the stabilizer lumen from an unextended position to an 
extended position, wherein the stabilizer element is dis 
posed within the stabilizer lumen while in the unex 
tended position, and wherein the stabilizer element 
angles in a distal direction while in the extended posi 
tion, and 

a second catheter adapted for insertion into a left ventricle, 
the second catheter having a preformed bend and an 
inner lumen for receiving movement of the first catheter 
therethrough. 

55. The apparatus of claim 54 wherein the stabilizer ele 
ment is configured to retain the distal endface of the first 
Catheter against a surface of the cardiac tissue and includes 
a surface parallel to the first catheter: 

56. An apparatus comprising: 
a first catheter adapted for percutaneous insertion into a 

Cardiac tissue, the first catheter having a needle lumen 
with a longitudinal axis, a stabilizer lumen radially of 
set from the needle lumen, and a distalendface steerable 
to a plurality of sites on the cardiac tissue relative to 
another portion of the first catheter proximal to the 
distal endface, 

a needle disposed within the needle lumen while in a 
retracted position, the needle moveable from the 
retracted position, through the distal endface, to an 
external position beyond the distal endface in which the 
needle extends in alignment with the longitudinal axis of 
the needle lumen from the distalendface to a distal tip of 
the needle, the needle having at least one lumen to inject 
a therapeutic agent into the cardiac tissue, and 

a stabilizer element to stabilize the first catheter against the 
Cardiac tissue, the stabilizer element moveable through 
the stabilizer lumen from an unextended position to an 
extended position, wherein the stabilizer element is dis 
posed within the stabilizer lumen while in the unex 
tended position, and wherein the stabilizer element 
angles in a distal direction while in the extended posi 
tion. 

57. The apparatus of claim 56 wherein the stabilizer ele 
ment is configured to retain the distal endface of the first 
catheter against a surface of the cardiac tissue and includes 
a surface parallel to the first catheter: 
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