(19) United States

12 Reissued Patent
Tartagha et al.

(10) Patent Number:
45) Date of Reissued Patent:

USOORE45638E

US RE45.,638 E
Aug. 4, 2015

(54) APPARATUS FOR PERCUTANEOUSLY
PERFORMING MYOCARDIAL
REVASCULARIZATION HAVING MEANS
FOR SENSING TISSUE PARAMETERS AND
METHOD OF USE

(75) Inventors: Joseph M. Tartaglia, Morgan Hill, CA
(US); Vahid Saadat, Saratoga, CA (US);
Eric W. Leopold, Redwood City, CA
(US); Peter K. Park, Santa Clara, CA

(US); Susan Philip, Santa Rosa, CA
(US)

Abbott Cardiovascular Systems Inc.,
Santa Clara, CA (US)

(73) Assignee:

(21)  Appl. No.: 10/219,785

(22) Filed: Aug. 14, 2002
Related U.S. Patent Documents
Reissue of:
(64) Patent No.: 6,102,926
Issued: Aug. 15, 2000
Appl. No.: 09/274,790
Filed: Mar. 23, 1999

U.S. Applications:
(63) Continuation-in-part of application No. 08/863,877,
filed on May 27, 1997, now Pat. No. 5,910,150.

(60) Provisional application No. 60/032,196, filed on Dec.

2,1996.
(51) Imt. CL.
A61B 17/32 (2006.01)
A61B 10/02 (2006.01)
(52) U.S. CL
CPC ....... A61B 17/32002 (2013.01);, A61B 10/0266
(2013.01)
(58) Field of Classification Search
CPC ..o A61B 17/32002; A61B 17/320758,;
A61B 10/0266
USPC .......... 604/523-528, 264, 272-2774; 606/170,

606/159; 600/564
See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

1,162,901 A
2,710,000 A

12/1915 Cantry et al.
6/1955 Cromer et al.

(Continued)

FOREIGN PATENT DOCUMENTS

EP 0807412 A1 11/1997
EP 0868 923 A2 7/1998
(Continued)
OTHER PUBLICATIONS

PMR Poduct, Axcis™ PMR. System, http://www.cardiogenesis.
com/percutaneous/product.html, Jan. 27, 1999,

(Continued)

Primary Examiner — Julian W Woo

(74) Attorney, Agent, or Firm — Angela M. Augustus;
Blakely, Sokolott, Taylor & Zaitman LLP

(57) ABSTRACT

Apparatus and methods for percutaneously performing myo-
cardial revascularization are provided using a catheter having
an end region that 1s directable to contact a patient’s endocar-
dium at a plurality of positions. A cutting head 1s disposed
within a lumen of the catheter and coupled to a drive tube that
rotates and reciprocates the drive shait. One or more stabiliz-
ing elements are disposed on the distal end to retain the
catheter 1n position when the cutting head i1s actuated. The
cutting head and drive tube include a lumen through which
severed tissue 1s 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-
cter, independent of the degree of tortuosity imposed on the
catheter.

12 Claims, 9 Drawing Sheets

39
25
20
4?{7/5/| i_-_._ J
'J 23 39
26
30 23
29 I 10
S L L L L PR ~
5527 —*"ffifﬂ I e
— s Jf,’!fff"‘ ‘31

— - et ot
= = o ﬂ
i —
— ﬂ -‘
-
L T ) ‘l
= ¥ L TS ,/
Lt 2 e
p
"‘-

e} 40
45 d



US REA45,638 E

Page 2
(56) References Cited 5,354,310 A 10/1994 Garnic et al.
5358472 A 10/1994 Vance et al.
U.S. PATENT DOCUMENTS 5358485 A 10/1994 Vance et al.
5366468 A 11/1994 Fucci et al.
2.749.909 A 6/1956 Ullery et al. 5366490 A 11/1994 Edwards et al.
2923295 A *  2/1960 Guerriero ................ 604/170.01 5,370,675 A 12/1994 Edwards et al.
3,120,845 A 2/1964 Horner 3,379,772 A 1/1995  Imran
3,308,819 A *  3/1967 AID weoeevorveereereannn.. 604/164.04 5,380,316 A 1/1995  Aita et al.
3,470,876 A * 10/1969 Barchilon ................ 604/95.04 5,383,884 A 1/1995 Summers
3477423 A 11/1969 Griffith et al. 5,389,073 A 2/1995  Imran
3.557.794 A 1/1971 VanPatten 5,389,096 A 2/1995 Aita et al.
3,598,119 A *  8/1971 White ..cooovvvvvvveereeen, 604/506 5,392917 A 2/1995  Alpern et al.
3,614,953 A 10/1971 Moss 5,396,897 A 3/1995 Jain et al.
3,692,020 A 9/1972 Schied 5,403,334 A 4/1995 Evans et al.
3,780,246 A 12/1973 Beckering et al. 5,409,000 A 4/1995  Imran
4,136,695 A *  1/1979 Dafoe ..ccocoevveveveeeeannn.. 128/831 5,415,166 A 5/1995  Imran
4207.874 A 6/1980 Choy 5419777 A *  5/1995 Hofling .....ccoceovvvvvenen.e... 604/264
4222380 A * 9/1980 Terayama ................... 604/115 5,425,376 A 6/1995 Banys et al.
4,362,161 A 12/1982 Reimels et al. 5,429,144 A 771995 Wilk
4,381,037 A 4/1983 Cuneo 5,439,474 A 81995 Lt
4,461,305 A 7/1984 Cibley 5,443,443 A 8/1995 Shiber
4468224 A * 8/1984 Enzmannetal. ... 604/247 5,456,689 A 10/1995 Kresch et al.
4479.896 A 10/1984 Antoniades 5,464,395 A * 11/1995 Faxonetal. ... 604/103.02
4,576,162 A 3/1986 McCorkle 5,465,717 A 11/1995 Imran et al.
4,578,057 A 3/1986 Sussman 5,488,958 A 2/1996 'Topel et al.
4,581,017 A * 4/1986 Sahota ................. 604/101.01 5,492,119 A 2/1996 Abrams
4,582,056 A 4/1986 McCorkle 5,497,784 A 3/1996  Imran
4.600.014 A 7/1986 Reraha 5,500,012 A * 3/1996 Bruckeretal. ... 607/122
4,640,296 A 2/1987 Schnepp-Pesch et al. 5,505,725 A 4/1996  Samson
4.646.738 A 3/1987 Troft 5,507,802 A 4/1996 Imran ... 607/128
4,702,261 A 10/1987 Cornell et al. 5,520,634 A 5/1996  Fox et al.
4,729,763 A 3/1988 Henrie 3,527,279 A 6/1996 Imran
4,788,975 A 12/1988 Shturman et al. 5,531,780 A *  7/1996 Vachon ... 607/120
4,790,812 A 12/1988 Hawkins, Jr. et al. 5,551,427 A 9/1996  Altman
4792327 A 12/1988 Swartz 5,554,152 A 9/1996 Auita et al.
4,813,930 A 3/1980 Flliott 5,562,694 A 10/1996 Sauer et al.
4,850,354 A 7/1989 McGurk-Burleson et al. 5,569,178 A~ 10/1996 Henley
4,856,529 A * 8/1989 Segal ...c.ccoocvvvvivvinnnann., 600/454 5,569,254 A 10/1996 Carlson et al.
4,895,166 A 1/1990 Farr et al. 5,569,284 A 10/1996 Young et al.
4,898,577 A 2/1990 Badger et al. 5,575,293 A 11/1996 Miller et al.
4,917,102 A 4/1990 Miller et al. 5,575,772 A 11/1996 Lennox
4,923,462 A 5/1990 Stevens 5,575,787 A 11/1996 Abela et al.
RE33,258 E 7/1990 Onik et al. 5,575,810 A 11/1996 Swanson
4,946,442 A *  8/1990 Sanagi ................... 604/170.03 5,578,067 A 11/1996 Ekwall et al.
4,957,742 A 9/1990 Knighton 5,584,842 A 12/1996 Fogarty et al.
4,964,854 A 10/1990 T.uther 5,588,432 A % 12/1996 Crowley .................. 600/439
4,976,710 A 12/1990 Mackin 5,591,159 A 1/1997 Taher
4,985,028 A * 1/1991 Isneretal. .........ccoc......... 606/15 5559_33405 A 1/1997 Osypka
5,030,201 A 7/1991 Palestrant 5,601,573 A 2/1997 Fogelberg et al.
5,087,265 A *  2/1992 SUMMErS ...ccooovverven.... 606/159 5,601,586 A 2/1997 Fucci et al.
5,093.877 A 3/1992 Aijta et al. 5,601,588 A 2/1997 Tonomura et al.
5,104.393 A 4/1992 Tsneretal. .....coocvevvei... 606/15 5,606,974 A 3/1997 Castellano et al.
5,106,386 A 4/1992 Isner et al. 5,607,421 A 3/1997 Jee}fanandam et al.
5,123,904 A 6/1992 Shimomura et al. 5,609,591 A 3/1997  Daikuzono
5,125,924 A 6/1992 Rudko 5,609,621 A 3/1997 Bonner
5,125.926 A 6/1992 Rudko 5,611,803 A 3/1997 Heaven et al.
5,133,713 A 7/1992 Huang et al. 5,613,972 A 3/1997 Lee etal.
5,135,531 A 8/1992 Shiber 5,640,955 A 6/1997 Ockuly et al.
5,152,744 A 10/1992 Krause et al. 5,643,253 A 7/1997 Baxter et al.
5,179,962 A * 1/1993 Dutcheretal. .............. 607/128 5,651,781 A 7/1997  Grace
5,195,988 A 3/1993 Haaga 5,658,263 A 8/1997 Dang et al.
5,197,968 A 3/1993 Clement 5,662,124 A 9/1997 Wilk
5.224.951 A 7/1993  Freitas 5,662,671 A 9/1997 Barbut et al.
5,242,460 A 9/1993 Klein et al. 5,665,062 A 9/1997 Houser
5,263,959 A 11/1993 Fischell 5,669,920 A 971997 Conely
5.269.785 A 12/1993 Bonutti 5,680,860 A * 10/1997 Imran ............c....... 600/374
5,273,051 A 12/1993 Wilk 5,683,362 A 11/1997 Rowland et al.
5281218 A 1/1994 TImran 5,688,234 A 11/1997 Frisbie
5.285.795 A 2/1994 Ryan et al. 5,702,412 A 12/1997 Popovetal. ................ 606/153
5,287,861 A * 2/1994 Wilk ...cooooovvvviniiiiininii, 128/898 5,707,362 A * 1/1998 Yoon ..............oeen, 604/164.03
5,292,309 A 3/1994 Van Tassel et al. 5,709,697 A 1/1998 Ratcliff et al.
5,313,949 A 5/1994 Yock et al. 5,722,400 A 3/1998 Ockuly et al.
5,323,781 A 6/1994 Ideker et al. 5,724,975 A 3/1998 Negus et al.
5,324,284 A 6/1994 Imran 5,725,521 A 3/1998 Mueller
5,330,466 A 7/1994 Imran 5,730,741 A 3/1998 Horzewski et al.
5,336,237 A 8/1994 Chin et al. 5,743,870 A 4/1998 Edwards
5,339,799 A 8/1994 Kani 5,755,714 A 5/1998 Murphy-Chutorian
5,342,300 A 8/1994 Stefanadis et al. 5,766,163 A 6/1998 Mueller et al.
5,342,393 A 8/1994 Stack 5,776,092 A 7/1998 Farin et al.



US REA45,638 E

Page 3
(56) References Cited FOREIGN PATENT DOCUMENTS
U.S. PATENT DOCUMENTS EP 0853921 7/1998
EP 0868923 A2  10/1998
5,782,823 A 7/1998 Mueller EP 0876796 A2 11/1998
5,797,870 A 8/1998 March et al. EP 0895752 Al 2/1999
5,807,384 A 9/1998 Mueller EP 0895752 Al 10/1999
5,807,401 A 9/1998 Grieshaber et al. PA 0876 796 A2 11/1998
5,814,028 A 9/1998 Swartz et al. WO WO 86/03122 6/1986
5,830,210 A 11/1998 Rudko et al. WO WO 92/10142 Al 6/1992
5830222 A 11/1998 Makower gg wg ggggggg gﬁggg
5,833,715 A * 11/1998 Vachonetal. ................ 607/120 WO WO 96/35469 11/1996
5,834418 A 11/1998 Brazeau et al. WO WO 97/10753 /1997
5,846,225 A 12/1998 Rosengart et al. WO WO 98/05307 7/199%
5,851,171 A 12/1998 (Gasson WO WO 98/17186 4/1008
5,857,995 A 1/1999 Thomas et al. WO WO 98/38916 0/1998
5,871,495 A 2/1999 Mueller WO WO 98/39045 0/1998
5,873,366 A 2/1999 Chim et al.
5,876,373 A 3/1999 Giba et al. OTHER PUBLICATIONS
5,878,751 A 3/1999 Hussel et al.
5,885,272 A 3/1999 Aita et al. Cooley, Denton A., M.D. et al., “Transmyocardial Laser
5,885,276 A 3/1999 Ammar et al. Revascularization: Anatomic Evidence of Long-Term Channel
5,891,137 A *  4/1999 Chiaetal. ..o 606/41 Patency,” Texas heart Institute Journal, vol. 21, No. 3 (1994), pp.
5,803,848 A 4/1999 Negus et al. 290-794.
g:gggfgj i gﬁggg éiﬁgsﬁ o of al Frazier, O.H., M.D., et al., “Myocardial Revascularization With
5910,150 A *  6/1999 Saadat .....oocooviiviiin, 606/159 Laser Preliminary Findings,” Supplement II Circulation, vol. 92, No.
5916214 A 6/1999 Cosio et al. 9, (Nov. 1995), pp. 11-58-11-65.
5,921,982 A 7/1999 T.esh et al. Horvath, Keith A., M.D., et al., “Recovery and Viability of an Acute
5,925,012 A 7/1999 Murphy-Chutorian et al. Myocardial Infarct After Transmyocardial Laser Revascularization,”
5,928,943 A 7/1999 Franz et al. Journal of American College of Cardiology, vol. 25, No. 1 (Jan.
5,931,848 A 8/1999 Saadat 1995), pp. 258-263.
5,938,632 A 8/1999  Ellis Khazel, Hassan A., et al., “Myocardial Canalization: A New Method
2,941,868 A 8/1999  Kaplan et al. of Myocardial Revasularization,” The Annals of Thoracic Surgery,
5,941,893 A 8/1999  Saadat vol. 6, No. 2, (Aug. 1968) pp. 163-171.
g"gg?’gég i gﬁggg }{aili(geir ot 2l Kuzela, Ladislaw, et al., “Experimental Evaluation of Direct
5"9 6 4’7 54 A 10/1999 Osypl;a ' ‘ Transventricular Revascularization,” Journal of Thoracic and
5:964:757 A 10/1999 Ponvi Cardiovasuclar Surger, vol. 57, No. 6, (Jun. 1969), pp. 770-773.
5.968.059 A 10/1999 Fllis et al. Lee, Gilbert, M.D., “Effects of Laser Irradiation Delivered by Flex-
5.971,993 A 10/1999 Hussein et al. ible Fiberoptic System on the Lett Ventricular Internal Myocardium,”
5,980,545 A 11/1999 Pacala et al. American Heart Journal, (Sep. 1983), pp. 587-590.
5,980,548 A 11/1999 Evans et al. Wakabayashi, Akio, “Myocardial Boring For the Ischemic
5,989,278 A 11/1999 Mueller Heart,” Arch. Surgery, vol. 95, (Nov. 1967), pp. 743-752.
6,017,340 A * 1/2000 Cassidyetal. .................. 606/47 Washington Adventist Hospital, “Washington Area Cardiologist Per-
6,030,377 A 2/2000  Linhares et al. forms First State-of-the-Art Heart Procedure in U.S.,” PR Newswire,
6,036,677 A 3/2000 J&Viﬁl’, Jr. et al. Dec. 153 199.9’| 2 pages.
g’gjg’ggg i igggg Eﬁ?:ifralet al. Mandrusov, Membrane-Based Cell Affinity Chromatography to
6505 0 jOOS A 42000 Saadat of :':11 Retrieve Viable Cells, Biotechnol, Prob. 1995, 11, 2(_)8-213, {%rtiﬁ_cial
63 05 63 743 A 57000 Fllis ef al ‘ Organ.s Rese.arch Laboratory, Department qf Che.mlc:a:l Engineering,
630 5 637 60 A 57000 Koike et al Material Science and Metall.urgy, Colmbla University, New York,
630663126 A 59000 Ti et al New York 10027, and Louswlle, Lousyllle, Kentucky 40292. |
6j093j17’7 A 7/2000 Javier Jr et al. Assmus, Transplantation of Progenitor Cells and Regeneration
6";02’887 A % 29000 Altma?n “““““““““““““““““ 604/7) Enhancement in Acute Myocardial Infarction (TOPCARE-AMI),
6";061520 A /9000 T aufer of al. Clinical Investigation and Reports, Oct. 8, 2002, pp. 3009-3017,
6:;26:6 54 A 10/2000 Giba et al Department of Molecular Cardiology and Department of Hematol-
6.165.164 A 12/2000 Hill et al. ogy (H.M., D.H.) University of Frankfurt, Frankfurt, Germany, Cir-
6.179.809 Bl 1/2001 Khairkhahan et al Cclil}it(l)%%ggzggzlg ;ﬁlglgtgégﬂmwmrculatlonha*org DOI: 10.1161/01.
gjzg}géj g 2//{388 gg:ﬁl ifI;l_ A Collection of Abstracts, Society of Thoracic Surgeons, 1999.
6:238:3 Q0 Bl1* 5/2001 Paddocketal ... . . 606/41 Fenton II, John W. et al. “Thrombin and Antithrombotics,” Seminars
6,251,104 Bl 6/2001 Kesten et al. in Thrombosis and Hemostasis, vol. 24, No. 2, 1998, pp. 1987-1991.
6,270,496 Bl /2001 Bowe et al. Folkman, Judah, “Angiogenic Therapy of the Human Heart,” circu-
6,309,370 B1  10/2001 Haim et al. lation, 1998, 97:628-629.
6,322,548 B1  11/2001 Payne et al. Henry, Timothy D., Can We Really Grow New Blood Vessels, The
6,589,232 Bl 7/2003 Mueller Lancet, vol. 351, Jun. 20, 1998, pp. 1926-1827.
6,613,062 B1* 9/2003 Leckroneetal. ............. 606/167 Horvath, Keith A. M.D., et al., “Transmyocardial Laser
6,620,139 Bl 9/2003 Plicchi et al. Revascularization: Operative Techniques and Clinical Results at Two
6,638,233 B2  10/2003 Corvi et al. Years,” The Journal of Thoracic and Cardiovascular Surgery, (May
6,905,476 B2 6/2005 Ponzi 1996) pp. 1047-1053.
6,991,602 B2* 1/2006 Nakazawaetal. ............ 600/101 Knighton, David R., et al., “Role of Platelets and Fibrin in the Healing
7,094,201 Bl 8/2006 Stokes et al. Sequence,” Annals of Surgery, vol. 196, No. 4, Oct. 1982, pp. 379-
2004/0010231 Al 1/2004 Leonhardt 388.



US RE45,638 E
Page 4

(56) References Cited
OTHER PUBLICATIONS

Losordo, Douglas, W., et al., “Gene Therapy for Myocardial

Angiogenesis Initial Clinical Results with Direct Myocardial Injec-
tion of phVEGF 165 as Sole Therapy Myocardial Ischemia,” Circu-
lation, 1998, 98:2800-2804.

Maloney, James P. et al., “In Vitro Release of Vascular Endothelial
Growth Factor During Platelet Aggregation,” American Physiologi-
cal Society, H1054-H1061, 1998.

Miyazono, Kohel et al, “Platelet-Derived Endothelial Cell Growth
Factor,” Progress in Growth Factor Research, vol. 3, 1991, pp. 207-
217.

NASA’s Jet Propulsion Laboratory, “Swivel-head Sampling Drill
Bit,” NASA Tech Briefs, Nov. 1998.

PCT Communication—Supplementary Furopean Search Report,
Aug. 3, 2001, 3 pages.

PCT International Search Report Mar. 18, 1998, 4 pages.

PCT Notification of Transmittal of International Preliminary Exami-
nation Report, Apr. 15, 1999, 13 pages.

PCT Written Opinion, Dec. 23, 1998, 4 pages.

Pipili-Synetos, E. et al., “Evidence That Platelets Promote Tube
Formation By Endothelial Cells on Matrigel,” British Journal of
Pharmacology, vol. 125, 1998, pp. 1252-1257.

The PMR™ Procedure,: http://www.cardiogenesis.com;percutane-
ous/procedure.html, Jan. 27, 1999.

Tsopanoglou, Nikos E. et al., “Thrombin Promotes Angiogenesis By
a Mechanism Independent of Fibrin Formation,” American Physi-
ological Society, 0363-6143/93, C1302-1307.

Verheul, Henk M. W., et al., “Platelet: Transporter of Vascular
Endothelial Growth Factor,” Clinical Cancer Research, vol. 3, Dec.
1997, pp. 2187-2190.

Wartiovaara, Ulla et al., Peripheral Blood Platelets Express VEGEF-C
and VEGF Which are Released During Platelet Activation, Thromb
Haemost, 9198, 80:171-5.

Simons, Michael et al. “Food for Starving Hearts,” Nature Medicine,
vol. 2, No. 5, pp. 519-520 (May 1996).

Lee, Garrett, M.D. et al. “Effects of laser irradiation delivered by
flexible fiberoptic system on the left wventricular internal

myocardium,” American Heart Journal Brief Communications, pp.
587-590 (Sep. 1983).

Cooley, Denton A., M.D. et al., “Transmyocardial Laser
Revascularization: Clinical Experience with Twelve-Month Follow-
Up,” The Journal of Thoracic and Cardiovascular Surgery, (Apr.
1996), pp. 791-799.

Hardy, Roger Ian, et al., “A Histologic Study of Laser-Induced
Transmyocardial Channels,” Lasers in Surgery and Medicine,
(1987), pp. 6:563-573.

Hershey, John E. et al., “Transmyocardial Puncture Revasculariza-
tion: A Possible Emergency Adjunct to Arterial Implant Surgery,”
Geriatrics, (Mar. 1969), pp. 101-108.

Horvath, Keith A., M.D. et al., “Iransmyocardial Laser
Revascularization: Operative Techniques and Clinical Results at Two
Years,” The Journal of Thoracic and Cardiovascular Surgery, (May
1996) pp. 1047-1053.

The PMR™ Procedure, http://www.cardiogenesis.com/percutane-
ous/procedure.html, Jan. 27, 1999.

Kohmoto, Takushi, M.D., et al., “Does Blood Flow Through
Holmium: YAG Transmyocardial Laser Channels?,” Ann. Thorac.
Surg., (1996) pp. 61: 861-368.

NASA’s Jet Propulsion Laboratory, “Swivel-Head Sampling Drill
Bit” NASA 1ech Briefs, p. 67, Nov. 1998.

Sen, PK. et al., “Further Studies in Multiple Transmyocardial Acu-
puncture as a Method of Myocardial Revascularization,” Surgery,
vol. 64, No. 5, (Nov. 1968), pp. 861-870.

Thaning, Otto, ““Transmyocardial Laser Revascularisation 1n South
Africa,” SAMJ, vol. 85, No. 8 (Aug. 1995) pp. 787-788.

Von Oppell, Ulrich O., “Transmyocardial Laser Revascularisation,”
SAMJ, vol. 85, No. 9, (Sep. 19935), p. 930.

White, Manuel et al., “Multiple Transmyocardial Puncture
Revascularization 1n Refractory Ventricular Fibrillation due to

Myocardial Ischemia,” The Annals of Thoracic Surgery, vol. 6, No. 6,
(Dec. 1968), pp. 557-563.

* cited by examiner



U.S. Patent Aug. 4, 2015 Sheet 1 of 9 US RE45,638 E




U.S. Patent Aug. 4, 2015 Sheet 2 of 9 US RE45,638 E

\e T ﬁ{"ﬁﬂﬂ _:'!E_.-_,'_i:;;::;:'flﬂ,:éai_:::;‘ﬂ%‘z = U
l\ Eﬂ_ - by, Sl | "“.‘E.‘E;-.-HE'! o e .wé}}.&}}}Lw .l _____i_:
~ VAR N N ST ENUS——n s So s —— = =SS |

57 o g, 32 64 60 61 65

FlG. 4B

35
56 70 R

| INPUT | —] pispLay 42
75 - SWITCH

MONITORING

CIRCUITRY MP STORAGE N\ 77

/4

/S
ACTUATOR

FlG. 5



US RE45,638 E

Sheet 3 of 9

Aug. 4, 2015

U.S. Patent




U.S. Patent Aug. 4, 2015 Sheet 4 of 9 US RE45,638 E

83b ' ~
S5 2 g s
b.____.._.__.:g E_-f/////ﬁ —‘?‘
IS ﬁ ’
o . 81 &84 v

o2y 1% ~—D—

N 777 — ; l j-—"

7~ <N LN N NN
32° 830 gz & 80 ' FIG. 7B

37 82+ 88 89 90 23
—-a‘F;-ﬂ?" N ) 20
32" ‘ ——
e BN~~~ [1G 8
86 g8 85\, 90
94 91 92 93 0
U~
b |
WNANONAN =] FlG 9A
32 23 28 31
23 99 51 4
79 OO NN N NN NN
& .
= ey~ FIG. 9B
72 96 97 28



U.S. Patent Aug. 4, 2015 Sheet 5 of 9 US RE45,638 E




U.S. Patent Aug. 4, 2015 Sheet 6 of 9 US RE45,638 E

i 112~ % '3

L L L L N ]

o - =
'III‘! 77 7 777

110

FlG. 11

o o el 4 it sanm Y= o NP was AT L -
! ﬂ> } ( ﬁ{ﬂ‘: E;;;;;g---- = _}}2‘-“;“5 AT &

. I A A

ooy P 3= m o N el ==
N o o i s Al i AN GNP W Ay S — " ' ‘
I W NN . == 7oA A el anas

57 32 64 60 61 65 123 124

FiG. 12B



U.S. Patent Aug. 4, 2015 Sheet 7 of 9 US RE45,638 E

141 147 142

143

— (&
Tiso (_c
FIG. 13E
167
161 62
- ©.
167



U.S. Patent Aug. 4, 2015 Sheet 8 of 9 US RE45,638 E




U.S. Patent Aug. 4, 2015 Sheet 9 of 9 US RE45,638 E

221 273 223
220 4 : 2!
~ R 223 225 o 221
()= - — 221 223
222 203
FIG. 15A FIG. 158
230 232 233 233 _ 534,
| 234 232 34
_ 4
é e 231 . 3 _ gj
2740 24
FIG. 16B
240 241
N\ 243
| —— 247
T 243
| 244
FIG. 17

250 29/




US RE45,638 E

1

APPARATUS FOR PERCUTANEOUSLY
PERFORMING MYOCARDIAL
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 APPLICATTONS

The present application 1s 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 1s
coronary artery disease, in which atherosclerotic plaque
causes blockages in the coronary arteries, resulting in
ischemia of the heart (1.e., inadequate blood tlow to the myo-
cardium). The disease manifests itself as chest pain or angina.
In 1996, approximately 7 million people suifered from angina
in the United States.

One technique that has been developed to treat patients
sulfering from diffuse atherosclerosis, 1s 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 1n diam-
cter and preferably several millimeters deep are formed with
a laser 1n the wall of the left ventricle to perfuse the heart
muscle with blood coming directly from the 1nside 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 (1.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 1s more easily traversed than the epicardium, the
climician 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 i1 the clinician madvertently perforates the
heart wall, nor how ablated tissue 1s 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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U.S. Pat. No. 5,591,159 to Taher1 describes a mechanical
apparatus for performing TMR 1nvolving a catheter having an
end effector formed from a plurality of spring-loaded needles.
The catheter first 1s positioned percutaneously within the left
ventricle. A plunger 1s then released so that the needles are
thrust into the endocardium. The needles form small channels
that extend mto 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 1s 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, percutancous laser-based sys-
tems, such as described in the Aita et al. patent, do notprovide
the ability to reliably determine the depth of the channels
formed by the laser and may result 1n perforations, nor does
that system address potential embolization of the ablated
tissue. Likewise, previously known mechanical systems do
not address 1ssues 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 1s 1ncorpo-
rated herein by reference, describes a percutancous 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 1s the 1nabil-
ity to determine whether treating a proposed site, such as by
forming a channel 1n the myocardium or by 1njecting drugs or
angiogenic agents, would have a therapeutic effect. For
example, little therapeutic benefit would be expected from
forming channels or injecting drugs or angiogenic agents 1n
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 1n the
above-incorporated patent, the distance that the cutting head
extends 1nto the tissue depends upon the degree of tortuosity
imposed on the catheter when percutaneously inserting the
distal end of the catheter into the leit ventricle. This 1s so
because differences in the radn of curvature of the catheter
and the drive tube coupled to the cutting head can result 1n
significant accumulated displacement of the cutting head
relative to the distal endface of the catheter. This displace-
ment effect 1s heightened where the tip of the catheter 1s
articulated using a pull wire that exerts a compressive force on
the catheter.

Accordingly, 1t 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 1n relation to other
channels formed by the device.
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It st1ll turther 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 mjected mnto 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, 1t 1s an object of this invention to
provide apparatus and methods for percutaneously perform-
ing myocardial revascularization that enable a clinician to
determine during a percutancous myocardial revasculariza-
tion procedure whether treatment at a proposed site would be
beneficial.

It 1s 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 1s 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 1n relation to
other channels formed by the device.

It 1s 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 1s 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 1s 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, €.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
clsewhere.

Apparatus constructed in accordance with the present
invention comprises a catheter having an end region that 1s
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 1s directable to a plurality of
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positions. A cutting head 1s disposed within a lumen of the
inner catheter and coupled to a drive tube that rotates and
reciprocates the drive shaft. The drive tube 1s 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 mner catheter 1n position while the cutting head 1s
reciprocated beyond a distal endface of the inner catheter. The
cutting head and drive tube include a lumen through which
severed tissue 1s 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 1mnner
catheter and drive tube. In one embodiment, 1n which the
drive tube and cutting head are reciprocated by a linear actua-
tor mechanism, the drive tube includes a bearing surface that
abuts against a mating surface aifixed within a distal region of
the mner 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 1s sensed, forward motion
ceases, and the direction of travel of the linear actuator
mechanism 1s 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 aflixed within a distal
region of the inner catheter, and the mechanism used to
advance the drive tube transmits to the user suificient 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 mner 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-
cter.

Methods of using the apparatus of the present invention to

selectively form channels and/or inject therapeutic agents 1n
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, 1n which:

FIG. 1 1s a perspective view of an illustrative embodiment
of apparatus constructed 1n accordance with the present
imnvention;

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

FIG. 3 15 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 1llustrative handle of the apparatus of
FIG. 1;

FIG. 5 1s a block diagram of the components of a controller
constructed 1n accordance with the present invention;
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FIG. 6 illustrates how percutaneous 1nsertion 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 1illustrative mechanism for limiting the maximum
extension of the cutting head of the apparatus of FIG. 1;

FIG. 8 15 a sectional view of an alternative mechanism for
limiting the maximum extension of the cutting head of appa-
ratus constructed 1n 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 1n
the myocardium;

FIG. 11 1s 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. 13A-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. 16 A-16B are, respectively, side and end views of the
distal region of another alternative embodiment of the inner
catheter of the present invention;

FI1G. 17 1s a partial schematic view of an embodiment of the
present mnvention that permits measurement of a physiologic
parameter of tissue prior to channel formation and/or injec-
tion of therapeutic agent; and

FIG. 18 1s 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 1njection 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 1n the myocardium
using a rotating cutting head and aspirating the severed tissue.
The cutting head 1s disposed within a lumen of a catheter, and
1s extended beyond a distal endface of the catheter to bore a
channel. In accordance with the principles of the present
invention, a physiologic parameter 1s measured at a proposed
treatment site, and that information 1s 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 1n 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
1s disposed within lumen 31 of inner catheter 23. Cutting head
28 1s coupled to drive tube 32, which 1n turn 1s coupled via
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cable 26 to a drnive system contained in controller 25 that
imparts rotational and longitudinal motion to drive tube 32
and cutting head 28. Suction 1s 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 vacuuim can-
ister (not shown) that draws suction through lumen 34 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, inputpanel 36 (¢
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 1n U.S. Pat. No. 5,910,150 (allowed
U.S. patent application Ser. No. 08/863,877, filed May 27,
1997), which 1s again incorporated herein by reference.

Inner catheter 23 1s 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 lumen 38, to an extended position,
extending beyond distal endface 40 of mner catheter 23 (as
shown 1 FIG. 2). A proximal end of needle stabilizer 39 1s
coupled to slider button 41 of handle 24. When moved to the
extended position, needle stabilizer 39 retains the distal end
ol inner catheter 23 1n position with respect to an endocardial
surface, and counteracts reaction forces generated when cut-
ting head 28 1s 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 iner catheter 23 (as shown) 1n
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 1n the
myocardium. Myocardial tissue severed by cutting head 28 1s
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 1s constructed of a radio-opaque
material or includes band 45 of radio-opaque material, such
as platinum-iridium, disposed on 1ts 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 mner 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. 4 A and 4B, an illustrative arrange-
ment of the components of handle 24 1s described Handle 24
comprises proximal and distal portions 50 and 31, respec-
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tively, joined so that distal portion 51 may be rotated inde-
pendently of proximal portion 50. Proximal portion 50 1s
coupled to cable 26 and 1includes button 42 for activating the
cutting head to bore a channel. Distal portion 51 1s affixed to
inner catheter 23 so that rotation of knob 43 of portion 51 1s
transmitted to the distal end of inner catheter 23.

Slider button 41 1s coupled to needle stabilizer 39, so that
movement of button 41 1n the distal direction deploys needle
stabilizer 39, and movement of button 41 1n 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, 11 provided, 1s coupled to mner catheter 23 to
permit optional adjustment of the cutting depth attained by
cutting head 28.

With respect to FIG. 4B, wheel 44 1s disposed within
tubular member 56 and extends within portions 50 and 51.
Inner catheter 23 1s coupled to a ngid tubular member (e.g.,
stainless steel hypotube) that extends through element 57.
Element 57 1n turn 1s coupled through tubular member 38 to
distal portion 51, so that rotation of distal portion 51 1s trans-
mitted to inner catheter 23. Tubular member 56 1s coupled by
threads to tubular member 58 so that rotation of wheel 44
causes 1nner catheter to be moved 1n 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 endface 40 of the inner catheter.

Drive tube 32 has proximal end 60 affixed to tubular mem-
ber 61 having skive 62. Tubular member 61 1s coupled to drive
wire 63. Tubular member 61 1s disposed for rotational and
longitudinal motion, imparted by drive wire 63, within tubu-
lar member 64. The distal end of tubular member 64 1s 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 exats through skive 62 into the interior of tubular
member 64, and then aspirated through port 65 into vacuum
hose 27. Tubular member 64 i1s aflixed to the interior of
proximal portion 51 by element 66, which also supports but-
ton 42. Needle stabilizer 39 1s fastened to slider button 41,
which 1s 1n turn coupled to spool 67 to provide nigidity to the
assembly

Handle 24 therefore provides the ability to rotate distal
portion 51 of the handle to orient the bend 1n 1nner 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 mner catheter to be translated distally or proxi-
mally with respect to the cutting head, to account for the
elfects of mserting 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 1s not extended unless there 1s an
approprate level of suction being drawn through drive tube
32 and cutting head 28, or that the cutting head 1s rotating at
a desired RPM before being advanced 1nto 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 mvention, monitoring
circuitry 75 1s configured to limit and/or adjust the cutting
depth attained by the cutting head, as described 1n detail
below. Controller 25 also may comprise circuitry for measur-
ing a physiologic parameter of tissue, e.g., impedance or
clectrical 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 1s shown being deflected such as may be expected when the
distal end of device 21 i1s percutancously inserted along a
tortuous path. For example, inner catheter 23 i1s shown as 1t
may be deflected when inserted transluminally via a femoral
artery and advanced 1n 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 nner
catheter 23 1s exaggerated.

As depicted 1n 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 ¢ from distal
endface 40 of inner catheter 23. Because the linear actuator
mechanism 1s configured to advance the cutting head a pre-
determined distance, the variable distance ¢ introduced by the
degree of tortuosity changes the extend to which cutting head
28 extends beyond distal endface 40 of the inner catheter. This
elfect 1s further heightened where the tip of the catheter 1s
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 11 channels are to be formed to a
umiform 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
alorementioned problem. In accordance with the principles
of the present invention, device 21" having inner catheter 23',
drive tube 32' and cutting head 28' 1s described. Inner catheter
23" 1s stmilar 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. Drnive tube 32' includes reduced diameter portion 81 to
which cutting head 28' 1s atfixed.

Drive tube 32' forms shoulder 82 where it couples to
reduced diameter portion 81. Stainless steel washer 83a 1s
disposed on drive tube 32' between low-1riction washer 83b
and shoulder 82 of drive tube 32', so that low-Iriction washer
83b forms a first bearing surface. Rigid tubular member 84,
for example, a short section of stainless steel hypotube, 1s
ailixed to the mterior of lumen 80 of catheter 23' so that 1ts
proximal end forms a mating bearing surface to low-iriction
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 1n visually positioning the drive tube to
account for the varniable distance created by bending of the
catheter.

In accordance with the principles of the present invention,
the linear actuator 1s configured to advance drive wire 63 (see
FIG. 4A), and therefore drive tube 32' and cutting head 28"
until low-1riction 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 6+D, where
0 1s the unknown distance caused by differential bending of
the drive tube and the inner catheter, and D 1s the desired
maximum extension of cutting head 28' beyond distal endface
40' of 1nner catheter 23"

Applicant has determined however, that where forward
motion of the drive tube 1s 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-1riction washer 83 first contacts rigid member 84. Oth-
erwise, the forward motion of the drive tube might tear the
distal end of 1inner 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 1s
adapted to sense a parameter of the motor 74 or linear actuator
73, and to signal linear actuator 73 to cease forward (1 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 ol compo-
nent 73 or 74 exceeding a predetermined threshold. Thus, the
cutting head will be retracted as soon as low-Iriction 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 1s
described. Drive tube 32' 1s 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 1n grooves 88 1n the outer surface of 1inner
catheter 23'. Lead wires pass through holes 89 and are
coupled to electrical contacts 90. When drive tube 32' i1s
advanced 1 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 1s closed, it
signals linear actuator 73 to reverse direction.

With respect to FIG. 9A, an alternative embodiment 1s
described that permits the variable distance ¢ 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 commumnicating with lumen 31. Resilient contact
clement 93 1s disposed through window 92 to contact the
distal end of cutting head 28. Contact element 93 15 config-
ured to deflect upwardly to permit unobstructed distal and
proximal movement of cutting head 28 and drive tube 32.
Contact element 93 1s coupled to one or more electrical wires
94 disposed i groove 91 that couple to controller 25 via
handle 24 and cable 26

In accordance with one aspect of the present mvention,
contact element 93 provides a signal that 1s 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
clectrical switch that 1s closed when 1t 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 1s 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 1s
located a predetermined distance from distal endface 40.

As a turther aspect of the embodiment of FIG. 9A, linear
actuator 73 of controller 25 may be programmed to accept a
stroke mput via input device 36 of controller 25. In this
manner, inner catheter 23 may be adjusted to first eliminate
the variable distance o 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 o6 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 1s described.
This embodiment also omits a mechanical stop, and includes
inner catheter 23 having fiber optic element 95 disposed 1n
lumen 96. The distal end of fiber optic element 95 1s cut at a
45° angle, so that light transmaitted along the element 1s emut-
ted through aperture 97 that opens into lumen 31. Light
source 98, e.g., alaser diode, 1s coupled to the proximal end of
fiber optic element 95 by means that are per se known.

Optically absorptive material 99 1s disposed on the interior
of the opposing wall of the inner catheter, so that light emaitted
by element 935 1s absorbed when the cutting head 28 1s fully
retracted proximally of aperture 97. When drive tube 32
obscures aperture 97, some of the light emitted by element 95
1s reflected back into the distal end of the fiber optic element.
This reflected light may be sensed by suitable circuitry 1n
controller 25, and used to signal processor 70 that cutting
head 28 1s located a predetermined distance from distal end-
face 40 of mner catheter 23, thereby “zeroing out” the vari-
able distance 0. 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 1nner 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 sui-
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 1s described. In FI1G. 10 A, distal
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region 100 of device 21 of FIG. 1 1s shown positioned 1n a
patient’s left ventricular cavity, using techniques which are
per se known. Specifically, distal region 100 of device 21 1s
inserted via a femoral artery, and 1s maneuvered under fluo-
roscopic guidance 1n a retrograde manner up through the
descending aorta, through aortic arch A, and down through
ascending aorta AA and aortic valve AV to left ventricle LV.
Previously known imaging techmques, such as ultrasound,
MRI scan, CT scan, or fluoroscopy, may be used to verily the
location of the distal region 100 within the heart.

In FI1G. 10B, slider button 41 on handle 24 1s advanced to
extend needle stabilizer 39 so that it penetrates 1nto the myo-
cardium a predetermined distance, for example, 7 mm. But-
ton 42 on handle 24 then 1s depressed, causing the drive
system of controller 25 to extend cutting head 28 to bore a
channel 1nto the myocardium to a predetermined depth. Alter-
natively, button 42 of handle 24 may be omitted, and control-
ler 25 1nstead 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 1s actuated. In this
alternative embodiment, slider button 41 will of course have
to generate a signal that 1s commumnicated to controller 25 via
cable 26.

When cutting head 28 engages the endocardium, a reaction
force 1s generated 1n 1nner 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 mner catheter i position while the cutting head 1s
extended and retracted. Tissue severed by the cutting head 1s
aspirated to trap 33 of controller 25.

Once cutting head reaches 1ts 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 1ssues a command to reverse the direction of linear actua-
tor 73. This 1n turn causes cutting head 28 to be withdrawn
from channel C formed 1in the myocardium to a position just
below distal endiace 40 of inner catheter 23.

As shownin FIG. 10C, a matrix of spaced-apart channels C
may be formed in the wall of leit 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 be formed 1n the left ventricular
wall. It 1s 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 FI1G. 11, a preferred embodiment of a needle
stabilizer of the present invention 1s described. Because the
needle stabilizer 1s subject to the same type of tlex-induced
displacement as the drive tube (as discussed with respect to
FIG. 6), 1t would be desirable to ensure that the needle stabi-
lizer 1s 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 1s disposed in
bore 112 of catheter 23", and 1s captured in bore 112 by
member 113. Member 113 1s affixed to inner catheter 23", and
stops the forward motion of tubular member 111 when shider
button 41 1s pushed in the distal direction. Advantageously,
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tubular member 111 may comprise a radio-opaque material,
thus ensuring that the location of needle stabilizer 39' 1s
visible under a fluoroscope.

Referring now to FIGS. 12A and 12B, handle 120 of an
alternative embodiment of the present invention 1s described.
In this embodiment, linear actuator 73 of controller 25 i1s
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 1s engaged with
disk 123 affixed to an extension of drive wire 63. Disk 123 is

biased 1n a proximal position by spring 124. In this embodi-
ment, the drive tube and 1nner catheter preferably include a
mechanical stop, such as shown 1 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 1ts retracted position.

With respect to FIGS. 13A-13F, alternative embodiments
of stabilizer elements suitable for use with device 21 of the
present invention are described. In FIG. 13 A, the distal end of
inner catheter 130 includes a plurality of longitudinal slits
131 that allow the catheter to fold back on 1tself to form a
plurality of stabilizing members 132 when urged against an
endocardial surface. Stabilizer members 132 preferably are
angled 1n 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, imner 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 1n 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 FI1G. 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 1n 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 1s formed 1n the myocar-
dium.

Alternatively, several such needle stabilizers may be
arranged around the cutting head to provide enhanced stabi-
lization or multiple 1mjection 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 1n the myocardial tissue
by cutting head 143 communicates with the needle track
formed by needle stabilizer 141. Thus, when cutting head 143
1s retracted, lumen 142 of needle stabilizer 141 may be used
to 1ject 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 a therapeutic agent into the myocardium aiter the chan-
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nel forming process 1s completed would result 1n the thera-
peutic agent being injected at random locations relative to the
previously formed channels.

In FIG. 13D, 1inner 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 1ts distal end for contacting an endocardial
surface. Intlatable member 151 1s inflated by a suitable 1ntla-
tion medium, such as saline, 1injected through intlation 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 1s 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 intlatable 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 mner 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 1n the above-incorporated, commonly
assigned U.S. Patent.

In FIG. 13G, inner catheter 155 includes pull wire 156
slidingly embedded disposed 1n a lumen (not shown) and
ailixed to the distal end of the mner catheter. In this embodi-
ment, instead of inner catheter having a preformed bend, pull
wire 156 1s instead pulled 1n a proximal direction to direct the
distal end of mnner catheter 155 to a desired location on the
endocardial surface. Inner catheter 1535 may in addition
include needle stabilizer 157 such as described heremnabove
with respect to FIG. 2.

Referring now to FIGS. 14A-14E, alternative embodi-
ments of cutting heads constructed 1n accordance with the
present mvention 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 1s 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 1n
enlarged diameter region 175 contacts the smaller diameter of
lumen 174, the tissue core 1s twisted oif at its base.

In FIG. 14B, cutting head 180 comprises tubular member
181 atfixed to drive tube 182 and having sharpened edge 183
and lumen 184. Cutting head 180 includes a plurality of tlutes
or grooves 183 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 FI1G. 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 1nto lumen 194. It 1s 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 mterior into lumen 204,
and which 1s 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 1s expected to shred the myocardial
tissue as the cutting head 1s rotated and extended, thus
improving aspiration of tissue severed by the cutting head.

Retferring to FIGS. 15A-15B and 16A-16B, turther alter-
native embodiments of the device of FIG. 13C are described.
In FIGS. 15A and 15B, 1mner 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 1nject such material into the myocardium at locations
adjacent to the channel cut by a cutting head (not shown)
extended from lumen 224 of mner catheter 220. In the
embodiment of FIGS. 15A and 15B, needle stabilizers 221
diverge from axis 225 of the cutting head.

In FIGS. 16 A and 16B, a further alternative of the embodi-
ment of FIGS. 15 1s depicted. Inner catheter 230 comprises
central lumen 231 having extendable cutting head 232
(shown 1in 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 mject 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 respectto F1G. 17, apparatus similar to that of
FIG. 1 1includes inner catheter 240 having reciprocable needle
stabilizers 241 disposed on either side of lumen 242 that
houses the cutting head. Fach of needle stabilizers 241
includes lumen 243 and comprises an electrically conductive
material, e.g., stainless steel, and 1s coupled via conductors
244 to monitoring circuit 243. Sensing circuit 245, which
preferably measures a physiologic parameter of the myocar-
dium, 1s 1n turn coupled to processor 70 of controller 25.

In one embodiment, sensing circuit 245 may sense electri-
cal activity (e.g., EKG or impedance) 1in the myocardium
between needle stabilizers 241 and generate a signal that 1s
displayed to the clinician operating the instrument. Thus, 1n
accordance with one aspect of the methods of the present
invention, the clinician may dispose 1nner 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 1s low, indicating that the
tissue region 1s heavily infarcted, the clinician may forego
boring a channel. Instead, the clinician may instead simply
re-position the distal end of the catheter 1n contact with
another region of tissue more likely to experience a beneficial
elfect from myocardial revascularization. Likewise, the cli-
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nician also may use the sensed physiological parameter as an
aid 1n determining whether to 1nject therapeutic agents via
lumens 243.

Referring to FIG. 18, an alternative embodiment of the
device of FIG. 17 1s described. In this embodiment the appa-
ratus includes inner catheter 250 having electrically conduc-
tive end cap 251. Cutting head 252 (shown 1n the extended
position) 1s disposed for reciprocation in lumen 233 of inner
catheter 250. Needle stabilizer 254 1includes 1njection lumen
2355 and dielectric coating 256 over its proximal length. End
cap 251 and uminsulated 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 1s coupled to
processor 70 of controller 25 and 1s configured to sense or
measure a physiologic property of the tissue.

In the embodiment of FIG. 18, sensing circuit 2359 prefer-
ably measures and displays a signal corresponding to the
clectrical 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 mner catheter 1s 1n
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 2351 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, 1f the sensed electrical impedance indicates that the
tissue region 1s heavily infarcted, the clinician may forego
boring a channel at that location. Instead, the clinician may
instead reposition the distal end of the catheter 1n contact with
another region of tissue more likely to experience a beneficial
elfect from myocardial revascularization. Also, the clinician
may use the sensed impedance level (or other physiologic
parameter) as an aid 1n determining whether to 1nject thera-
peutic agents via lumens 255.

While preferred illustrative embodiments of the invention
are described, 1t 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 1s claimed 1s:
[1. Apparatus for percutaneously performing myocardial

revascularization comprising.

a first catheter adapted for insertion 1nto 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 1n
cardiac tissue; and

means for sensing a physiologic state of cardiac tissue 1n a
region adjacent to the distal endface 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

turther 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 1nto the left ventricle, the sec-
ond catheter having a preformed bend and a lumen 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
clectrical 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
turther 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 claim 9 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 1s curved towards or away from a longitudinal axis of
the cutting head.]

[12. The apparatus of claim 6 wherein the first retractable
needle includes a lumen 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 1n the extended posi-
tion. J

[14. The apparatus of claim 13 wherein the means for
limiting extension comprises an electrical circuit that senses
when the cutting head 1s 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 msertion 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 1n
cardiac tissue.}

[21. The apparatus of claim 20 wherein the first needle
includes a lumen 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 endface 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
isertion 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 1s 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
spanmng the lumen, and a sharpened element extending from
a distal endface of the cutting element.]

[30. A method of percutaneously performing revascular-
1zation 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 leit ventricle;

deploying the stabilizer element to stabilize the distal
region of the first catheter 1n contact with an endocardial

surface:

sensing a physiologic state of cardiac tissue in a portion of
the cardiac tissue adjacent to the distal endface of the
first catheter; and
11 1t 1s determined that myocardial revascularization 1n 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 claim 33 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
turther 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 1mped-
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 a lumen having one or more ports, the method
turther 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-
1zation 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 leit ventricle;

advancing the first needle to the extended position to pen-
ctrate 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 >
comprising mnjecting 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
turther comprises a second needle movable from a retracted
position to an extended position, the method further compris- 19
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 off- 2>
set from the needle lumen, and a distal endface steevable
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 3Y
vetracted position, the needle moveable from the
vetracted 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 distal endface to a distal tip of 33
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 4V
extended position, wherein the stabilizer element is dis-
posed within the stabilizer lumen while in the unex-
tended position, and whevein 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- >V

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 >3
an intraventricular wall.

50. The apparatus of claim 46, wherein a distal vegion 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 6V
catheter against a surface of the cavdiac 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
cavdiac 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 distal endface 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
carvdiac 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 whervein 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 off-
set from the needle lumen, and a distal endface steevable
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 distal endface 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 whervein 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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