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(57) ABSTRACT 

A method of selecting laser parameters for performing 
laser-assisted myocardial revascularization to avoid induc 
ing undesired cardiac arrhythmia Without synchronization of 
delivery of laser energy and the patient’s cardiac cycle, the 
method comprising the steps of minimizing the poWer level 
of laser energy used, thereby decreasing the overall trauma 
to the heart, selecting a pulse frequency as great as possible 
While avoiding adverse summation effects, selecting a pulse 
Width as Wide as possible to prevent excessively high peak 
poWers per pulse and not so Wide as to cause undesired 
thermal damage, selecting an energy ?uX rate, shaping the 
front end of each pulse of laser energy to provide efficient, 
non-explosive TMR channeling, and correcting the selected 
poWer level, pulse Width, pulse frequency and energy ?uX 
rate for mechanical events, including method of access to the 
heart, position of selected portions of myocardium in the 
heart, temporal duration of the procedure, natural movement 
of the heart, speci?c heart geometry, pre-eXisting heart 
arrhythmia and other factors causing a predisposition to 
heart arrhythmia. A method for performing laser-assisted 
transmyocardial revascularization (TMR) and percutaneous 
transluminal myocardial revascularization (PTMR) using 
such laser energy With parameters selected to avoid inducing 
undesired cardiac arrhythmia, the method comprising the 
steps of generating laser energy having a predetermined 
non-square Wave shape, a predetermined Wavelength, a 
predetermined energy ?uX and a predetermined poWer level, 
and delivering the laser energy in a plurality of pulses, the 
plurality of pulses having a predetermined pulse frequency 
and a predetermined pulse Width, to selected portions of 
myocardium to form TMR and PTMR channels Without 
synchronizing delivery of the laser beam With the cardiac 
cycle. 
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METHOD FOR NON-SYNCHRONOUS 
LASER-ASSISTED MYOCARDIAL 

REVASCULARIZATION 

RELATED APPLICATIONS 

[0001] This application is a continuation-in-part of US. 
Ser. No. 08/729,325 entitled A METHOD FOR NON 
SYNCHRONOUS LASER-ASSISTED TRANSMYO 
CARDLAL REVASCULARIZATION, ?led Oct. 15, 1996, 
incorporated herein by reference. 

FIELD OF THE INVENTION 

[0002] The present invention relates to a procedure knoWn 
as laser-assisted myocardial revasculariZation, and more 
particularly, to improved methods for revasculariZation of 
the heart by creating a plurality of small pathWays or 
channels through predetermined portions of the heart using 
laser energy delivered via a laser delivery means according 
to speci?c parameters, including variable frequency, and 
Without requiring synchroniZation of laser energy delivery 
With the beating of the heart. 

BACKGROUND OF THE INVENTION 

[0003] Much of the heart consists of a special type of 
muscle called myocardium. The myocardium requires a 
constant supply of oXygen and nutrients to alloW it to 
contract and pump blood throughout the vasculature. One 
method of improving reduced myocardial blood supply is 
called transmyocardial revasculariZation (TMR), the cre 
ation of pathWays or channels into the myocardium gener 
ally from either an outer epicardial surface of the heart in a 
surgical procedure or from an inner endothelium cell cov 
ered surface of a heart’s endocardium chamber in a percu 
taneous transluminal myocardial revasculariZation (PTMR). 

[0004] Aprocedure using needles in a form of myocardial 
acupuncture Was used clinically in the 1960s. Deckelbaum. 
L. I., Cardiovascular Applications of Laser Technology, 
Lasers in Surgery and Medicine 15:315-341 (1994). The 
technique Was said to relieve ischemia by alloWing blood to 
pass from the ventricle through the channels either directly 
into other vessels perforated by the channels or into myo 
cardial sinusoids Which connect to the myocardial micro 
circulation. These sinusoidal communications vary in siZe 
and structure, but represent a netWork of direct arterial 
luminal, arterial-arterial, arterial-venous, and venous-lumi 
nal connections. Interest in myocardial acupuncture or bor 
ing, Which mechanically displaces or removes tissue, 
decreased When it Was discovered that the mechanically 
created channels closed because of acute thrombosis fol 
loWed by organiZation and ?brosis of clots. 

[0005] By contrast, recent histological evidence of patent, 
endothelium-lined tracts Within pathWays created With laser 
energy supports the assumption that the lumen of the laser 
pathWays is or can become hemocompatible and resist 
occlusion caused by thrombo-activation and/or ?brosis. A 
thin Zone of charring occurs on the periphery of the laser 
created transmyocardial channels through the Well-known 
thermal effects of optical radiation on cardiovascular tissue. 
This type of interface may inhibit the immediate activation 
of the intrinsic clotting mechanisms because of the inherent 
hemocompatibility of carbon. In addition, the precise cutting 
action that results from the high absorption and loW scat 
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tering of laser energy (CO2, Ho, etc.) may minimiZe struc 
tural damage to collateral tissue, thus limiting the tissue 
thromboplastin-mediated activation of extrinsic coagulation. 
Recent histological studies shoW that both patent and non 
patent channels promote groWth of an alternate circulation, 
one of the mechanisms believed to be bene?cial folloWing 
the procedure. 

[0006] Despite the creation of patent channels and path 
Ways With lasers, there are reported problems associated 
With laser TMR procedures. Such problems can include 
channel closure Which may be caused by selection and use 
of TMR laser parameters Which do not produce channels 
With the characteristics detected in the histological evidence 
discussed above. An additional reported problem encoun 
tered in TMR procedures is adverse effects created by the 
laser on the diseased hearts of TMR patient’s. 

[0007] US. Pat. No. 4,658,817 issued Apr. 21, 1987 to 
Hardy teaches a method and apparatus for TMR using a 
surgical CO2 laser including a handpiece for directing a laser 
beam to a desired location. Hardy suggests that the creation 
of TMR channels using a laser may affect contractility of the 
heart and states that the number of perforations may have to 
be limited accordingly. 

[0008] TWo subsequent patents, US. Pat. Nos. 5,380,316 
issued Jan. 10, 1995 and 5,389,096 issued Feb. 14, 1995 
both to Aita et al., discuss in general methods for intra 
operative and percutaneous myocardial revasculariZation, 
respectively. Both patents suggest synchroniZation of the 
laser With the heart beat is necessary to avoid arrhythmias. 
PCT WO 96/35469 issued Nov. 14, 1996 to Aita et al. also 
discusses apparatus and general methods for percutaneous 
myocardial revasculariZation synchroniZed With the heart 
beat to avoid arrhythmias. 

[0009] Synchronization of the laser energy delivery With 
the beating of the heart Was also considered an important 
tool in US. Pat. No. 5,125,926 issued Jun. 30, 1992 to 
Rudko et al., reportedly to reduce the chance of laser 
induced ?brillation. Rudko et al teaches a heart-synchro 
niZed pulsed laser system for TMR. UtiliZing electrical 
sensing, the heart beat is monitored using an EKG device. 
The device automatically delivers What appears to be a 
square pulse of laser energy to the heart only in response to 
electrical detection of a predetermined portion of the heart 
beat cycle. 

[0010] The prior art discussed above suggests that at least 
some pulsed laser systems and parameters are potentially 
damaging to the beating heart or its action and may induce 
?brillation or arrhythmia, hence the need for heart synchro 
niZation to minimiZe such effects. 

[0011] US. Serial No. 08/729,325 entitled A METHOD 
FOR NON-SYNCHRONOUS LASER-ASSISTED 
TRAN SMYOCARDIAL REVASCULARIZATION,@ ?led 
Oct. 15, 1996. The prior art discussed above suggests that at 
least some pulsed laser systems and parameters are poten 
tially damaging to the beating heart or its action and may 
induce ?brillation or arrhythmia, hence the need for heart 
synchroniZation to minimiZe such effects. 

[0012] An arrhythmia is a disturbed heart rhythm Which 
often takes over as the primary rhythm of the heart, as 
evidenced by a rapid ?utter or other rhythm of the heart 
muscle, Which renders it ineffective at pumping blood 
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through the vasculature. The process of delivering laser 
energy to tissue results in polarization of individual cells of 
the heart in the area of delivery of the laser energy. Polar 
iZation of the specialized conducting cells as Well as myo 
cardial cells drives the action potential of cells resulting in 
responsive contractile motion. Delivering laser energy can 
disrupt the normal rhythm of the heartbeat since the cardiac 
rhythm can be side-tracked to that of the polariZed cells as 
opposed to propagating through the heart along the normal 
path of the impulse. 

[0013] The heart’s natural, primary pacemaker is found in 
a group of cells called the sinoatrial or sinus node located 
near the junction of the superior vena cava and. the right 
atrium. The electrical impulse originates in the endocardium 
and propagates through the myocardium to the epicardial 
surface. The electrical impulse is conducted out of the sinus 
node to the atria, Where it stimulates atrial muscle cells to 
contract, and to the atrioventricular node. Upon leaving the 
atrioventricular node, the electrical impulse continues to 
propagate doWn the conducting system to the bundle of His, 
into right and left branches thereof. The right bundle spreads 
the electrical impulse to the right ventricle and the left 
bundle branch propagates the impulse to anterior and pos 
terior positions in the left ventricle to reach the Purkinje 
?bers. These small ?bers form a rapid conduction netWork 
through the myocardium to deliver the impulse to all of the 
individual contractile muscle cells of the myocardium. The 
electrical signal travels at different speeds at different parts 
of the netWork. While electrical signals on the portion of the 
netWork extending through the atria have been found to 
travel at velocities of about 1 meter per second, these signals 
sloW to about 0.2 m/s as they pass through the atrioven 
tricular node. Signal propagation through the ventricular 
Purkinje netWork, hoWever, is much faster—approximately 
4 m/s. Thus, the sinus node is responsible for producing a 
repeating electrical impulse Which ultimately causes the 
muscle cells of the heart to contract in repetitive, Wave-like 
convulsions. 

[0014] The synchroniZation solutions proposed in the 
prior art discussed above do not address methods for detect 
ing and compensating for hard to detect, abnormal conduc 
tion patterns or rhythms Which may occur in damaged 
hearts. Additionally, EKG monitoring may not detect and 
alloW compensation for localiZed or isolated areas of heart 
tissue Which may not be synchroniZed With other areas of 
heart tissue. Excitation of such isolated areas may cause 
arrhythmias. In addition to the problems discussed above, 
heart synchroniZation as described in the prior art limits the 
amount of time the laser can be activated during a heart 
cycle, thereby increasing the time of a TMR procedure. 

[0015] A need exists in the prior art for a method and 
apparatus for performing TMR and PTMR procedures 
quickly using speci?ed laser parameters selected to mini 
miZe possible cardiac arrhythmias Without the need for 
monitoring the heart beat. 

ADVANTAGES AND SUMMARY OF THE 
INVENTION 

[0016] Thus, it is an advantage of the present invention to 
provide a method for performing both transmyocardial 
revasculariZation (TMR) and percutaneous transluminal 
myocardial revasculariZation (PTMR) With laser energy 
having parameters selected to avoid cardiac arrhythmia. 
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[0017] A method for TMR and PTMR With laser energy 
having parameters selected to avoid cardiac arrhythmia 
comprises the folloWing steps, in combination of: determin 
ing a Wavelength of the laser energy from a laser selected to 
perform either TMR or PTMR; using the Wavelength deter 
mination to select parameters for the laser energy to produce 
a non-square Wave shape; generating the laser energy at the 
determined Wavelength With the selected parameters to 
produce the non-square Wave shape; and delivering the 
generated laser energy in one or more pulses to selected 
portions of heart tissue to perform either TMR or PTMR in 
the myocardium Without inducing cardiac arrhythmia and 
Without synchroniZing delivery of the laser energy to a 
cardiac cycle. site, When using a HolmiumzYAG laser in 
either a TMR or PTMR procedure, the selected parameters 
are poWer level, energy ?ux, pulse Width, and pulse fre 
quency. In a TMR or PTMR procedure, the laser energy has 
a Wavelength of betWeen about 1.8 and about 2.2 microns, 
an energy ?ux of betWeen 0.7-1.78 J/mm2 and a poWer level 
of at least about 3 Watts, the laser energy being delivered 
With a pulse frequency of at least about 5 HertZ and a pulse 
Width of betWeen about 150 and about 350 millisecond, the 
laser energy as delivered causing about 5 millimeters or less 
lateral necrosis surrounding a TMR treatment. When using 
a XezCl excimer laser in either a TMR or PTMR procedure, 
the laser energy has a Wavelength of about 0.308 microns, a 
poWer level of betWeen 0.3-2.0 Watts and an energy ?ux of 
betWeen about 25-80 mJ/mm2, and is delivered With a pulse 
frequency of betWeen about 5-25 HZ and a pulse Width of 
betWeen about 20-200 microseconds, and causes about 5 
microns lateral necrosis surrounding the TMR channel pro 
duced thereby. When using a C02 laser for the TMR 
procedure, the laser energy has a Wavelength of about 10.6 
microns, an energy ?ux of about 51 J/mm2 and a poWer level 
at least about 800 W, is delivered in a single pulse about of 
0.05 seconds and can be gated, and causes betWeen about 
0.03 to about 0.2 millimeters lateral necrosis surrounding a 
TMR channel produced. When using an Argon laser for 
TMR, the laser energy has a Wavelength of betWeen about 
0.488 and about 0.514 microns, an energy ?ux of about 
1.3-12.74 J/mm2 and a poWer level at least about 1-10 W, is 
delivered in a single pulse, and causes approximately 4 mm 
lateral necrosis surrounding a TMR channel produced 
thereby, and is generated by an Argon laser. When using a 
Nd:YAG laser in a TMR procedure, the laser energy has a 
Wavelength of about 1.06 microns, an energy ?ux of about 
9.5-13 J/cm2 and a poWer level at least about 2-100 W, is 
delivered With a pulse frequency of about 1-10 HZ and a 
pulse Width of about 10 nanoseconds, and causes at least 
about 15 mm lateral necrosis surrounding a TMR channel 
produced thereby. When using an Er: YAG laser for the 
TMR procedure, the laser energy has a Wavelength of about 
2.94 microns, an energy ?ux of about 50-500 J/mm2, is 
delivered With a pulse frequency of about 1-15 HertZ and a 
pulse Width of about 1-250 microseconds, and causes about 
0.1 millimeters lateral necrosis surrounding a TMR channel 
produced by an ErzYAG laser. 

[0018] In a preferred embodiment, the laser energy is 
delivered to the selected portions of heart tissue using a 
catheter apparatus With laser delivery means, the method 
further comprising the folloWing steps of introducing the 
catheter apparatus With laser delivery means percutaneously 
into the vasculature of the patient; and positioning the laser 
delivery means at the endocardial surface of the selected 
portions of heart tissue. In a preferred embodiment, the laser 
energy is delivered to the selected portions of heart tissue in 
a procedure using laser delivery means Where the revascu 
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lature site is accessed by positioning the laser delivery 
means at an endocardial surface of the heart tissue through 
inside a patient’s coronary artery. In a preferred embodi 
ment, the method further includes the step of mechanically 
piercing the endocardial and/or myocardial layer heart tissue 
prior to delivering the laser energy into the myocardium 
thereby creating a Welling affect by the surrounding endocar 
dial tissue. In a preferred embodiment, the method further 
includes mechanically piercing the endocardial surface adja 
cent the selected portions of heart tissue prior to delivering 
the laser energy into the myocardium and penetrating no 
more than half the Wall thickness of the myocardium. 

[0019] The TMR method comprises the folloWing steps of 
generating laser energy having a non-square Wave shape, a 
selected Wavelength, a selected energy ?ux and a selected 
poWer level; and delivering the laser energy in a plurality of 
pulses, the plurality of pulses having a selected pulse fre 
quency and a selected pulse Width, to selected portions of 
myocardium Without cardiac arrhythmia and Without syn 
chroniZing delivery of the laser beam With the cardiac cycle. 
In a preferred embodiment, a variable number of pulses of 
laser energy is delivered With a variable pulse frequency 
betWeen 5-20 HZ. In a preferred embodiment, the laser 
energy is delivered With a variable pulse repetition rate of 
betWeen about 1 and 10 pulses. In a preferred embodiment, 
the laser energy is delivered With a constant pulse frequency 
of betWeen about 5 and 20 HertZ and a variable pulse preset 
limit of betWeen about 1-10 pulses. In a preferred embodi 
ment, the laser energy is delivered in a pulsed mode at a high 
repetition rate of ?xed frequency, the method using a laser 
With an optical shutter and in Which the shutter of the laser 
is opened and closed in response to a random sequence of 
commands. In a preferred embodiment, the pulsed laser 
energy is delivered in a pulsed mode pulsed at a high 
repetition rate of ?xed frequency, the method using a laser 
With a controllable ?ashlamp and in Which the ?ashlamp is 
alloWed to ?re only during certain pulses Within the ?xed 
frequency laser operation in response to a random sequence 
of commands. In a preferred embodiment, the laser energy 
is delivered in a pulsed mode pulsed at a random, variable 
frequency rate. 

[0020] It is a further advantage of the present invention to 
provide a method of selecting laser parameters for perform 
ing laser-assisted TMR or PTMR procedure to avoid cardiac 
arrhythmia and Without synchroniZation of delivery of laser 
energy to a patient’s cardiac cycle. The method comprises 
the folloWing steps, in combination: selecting a minimum 
poWer level of laser energy to be used, the minimum poWer 
level being suf?cient to ablate heart tissue; setting a pulse 
frequency as great as possible and selected to avoid sum 
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mation effects; setting a pulse Width as long as possible and 
selected to prevent excessively high peak poWer Without 
causing undesired levels of thermal damage during TMR or 
PTMR; shaping a front end of each pulse of laser energy to 
provide non-linear pulses to avoid cardiac arrhythmia during 
TMR; and correcting the selected poWer level, pulse Width, 
pulse frequency, pulse Width, and shaping for mechanical 
events. In a preferred embodiment, the selected parameters 
are a single pulse, poWer level, energy ?ux, and pulse Width. 
Numerous other advantages and features of the present 
invention Will become readily apparent from the folloWing 
detailed description of the invention and the embodiments 
thereof, from the claims and from the accompanying draW 
ings in Which the details of the invention are fully and 
completely disclosed as a part of this speci?cation. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0021] FIGS. 1A-1C are graphical representations of the 
process of summation. 

[0022] FIGS. 2A and 2B are graphical comparisons of the 
resultant difference betWeen ablation With a square Wave 
versus ablation With a non-square Wave. 

[0023] FIG. 3 is a How chart demonstrating a method of 
selecting and setting variable laser parameters. 

[0024] FIG. 4 is a representative example of variable laser 
parameters. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0025] This invention teaches laser parameters Which, in 
optimiZed combinations, reduce or eliminate the risk of 
inducing arrhythmia While performing a laser-assisted TMR 
and PTMR. The methods described herein do not require 
cardiac monitoring or any other form of synchroniZation of 
laser delivery With the natural cardiac rhythm. The present 
invention is intended for use With any medical laser. In 
particular, excimer and Holmium lasers, including many of 
various different types knoWn and available noW or at any 
time, are particularly suited to the present invention. HoW 
ever, any suitable laser source, pulsed or otherWise, may be 
used to provide laser energy to the laser delivery means of 
the present invention for performing the method of the 
present invention. Other laser sources include but are not 
limited to CO2, argon, neodymium: yttrium aluminum gar 
net (Nd:YAG) as Well as erbium: yttrium aluminum garnet 
(Er:YAG). The folloWing laser operating parameters have 
been determined to be optimal parameters for performing 
laser-assisted revasculariZation Without causing arrhyth 
m1as. 

Laser Operating Parameters 

Xe: Cl 

Type excimer Ho: YAG CO2 Argon Nd: YAG Er: YAG 

Wavelength 0.308 ,urn 2.1 [urn 10.6 [urn 0488-514 ,urn 1.06 ,urn 2.94 [urn 

Laser Pulse 5-25 HZ Greater than Single CW- 1—10 HZ; CW 1—15 HZ 

Frequency Approx. pulse, CW multimode, or pulsed; CW 
or super- can be can be “gated” 

pulsed q-sWitched or 
gated 
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-continued 

Laser Operating Parameters 

Xe: Cl 
Type excimer Ho: YAG CO2 Argon Nd: YAG Er: YAG 

Energy About About 0.7- About About. About. About 
Flux 25-80 1.78 J/mm2 51 J/mm2 1.3-12.75 9.5-13 J/cm2 50-500 J/mm 

mJ/mm2 J/mm2 pulsed; 
About. 
8-27 J/mm2 
CW 

Laser Pulse About About About N/A 10 ns, CW or About 
Width 20-200 ns 150-350 ,us 0.05 s pulsed 1-250 ,us 
Wave Non-square Non-square Non-square N/A Non-square 
Shape 
Ave. Power 0.3-2.0 W Greater 800 W 1-10 W 2-100 W 

than 3 W 
Lateral About 5 ,um About About Greater than Greater than About 
Necrosis 0.5 mm 0.05-0.2 about 4 mm about 15 mm 025—0.1 mm 

mm q-switched 
10-15 [um 

[0026] The above laser operating parameters for various 
types of lasers were selected to enable laser energy to 
smoothly and gradually interact with the tissue of the heart 
thereby avoiding, where possible, sharp and sudden tissue 
interaction. A contoured, smooth, gradual application of 
energy will provide less shock to the heart itself. A non 
square wave with a relatively shorter pulse width generally 
is preferred to achieve such smooth and gradual tissue 
interaction. It will be recognized by those skilled in the art 
that achieving the desire effect requires variation of the 
individual elements of the laser operating parameters 
depending upon the type of laser selected. Each laser oper 
ating parameter is discussed separately below. 

[0027] Wavelength 

[0028] It is recognized that numerous medical lasers hav 
ing different wavelengths are currently available. Selection 
of an appropriate wavelength depends at least in part upon 
the tissue to be treated with the laser. For TMR, the 
mechanism of delivering laser energy to the water compo 
nent of heart tissue to effect ablation and channeling highly 
ef?cient. Mid-infrared lasers, such as the 2.1 micron wave 
length HolmiumzYAG laser, are well suited for cutting and 
ablating heart tissue because, in general, wavelengths longer 
than approximately 1.4 microns are highly absorbed by 
water. It is by means of this strong absorption in water that 
mid-infrared laser energy is converted to heat energy in 
tissue. 

[0029] If the energy density in the tissue is high enough, 
the tissue vaporizes. Since water is the primary constituent 
of most soft tissue, about 80% or more, the correlation is 
fairly accurate, although there will be minor differences 
between absorption of mid-infrared energy in water and in 
tissue, as well as between different types of tissue. The 
mid-infrared absorption spectrum of water is well known 
and absorption coefficients over a larger range are available. 

[0030] The absorption coefficient a of the 2.1 micron 
HolmiumzYAG laser is about 26 cm_1. This modality is 
highly ef?cacious for cutting and ablating. For comparison, 
the absorption coefficients of the 1.06 micron wavelength 
energy created by the NeodymiumzYAG laser and the 10.6 

micron radiation produced by a C02 laser are 0.13 and 823 
cm_1, respectively. The inverse of the absorption-coef?cient 
is directly correlated with energy absorption depth d: 

[0031] A large absorption coef?cient implies a short pen 
etration depth. Penetration is short because the energy is 
immediately absorbed by the cells closest to the source and 
does not extend into the tissue. 

[0032] Other lasers include the XezCl excimer laser which 
delivers energy at 0.308 pm, the argon laser which delivers 
energy at between about 0.488-0.514 Fm, the CO2 laser 
which delivers energy at 10.6 Fm, and the Nd:YAG laser 
which delivers energy at 1.06 pm. 

[0033] C02 lasers used in a ?uid environment in near 
contact procedures, despite a relatively short penetration 
depth, have the disadvantage in that even a thin ?lm of water 
between the ?ber and the tissue will greatly diminish the 
effective laser power because of the large absorption coef 
?cient. Hence, the use of gas insuf?ation is generally 
required with the CO2 laser. Furthermore, CO2 lasers gen 
erally require further manipulation of parameters to create 
TMR channels. 

[0034] In selecting a particular wavelength for a laser, and 
adjusting parameters to compensate for differences in 
absorption by the tissue, it is important to consider the need 
to achieve an end result of a non-square wave. 

[0035] Pulse With and Frequency 

[0036] To prevent electrical arrhythmia of the heart during 
TMR or PTMR, it has been found that certain pulse widths 
not only assure minimal and predictable thermal damage to 
surrounding tissue but are less likely to interfere with the 
cardiac signal which may lead to arrhythmia. By reducing 
the interval between pulses to signi?cantly shorter than the 
interval of a beating heart at approximately 60 beats per 
minute, or 1 beat per second (1 hertz), there is much less 
chance that a single laser pulse will side track the electrical 
rhythm and take over propagation of the electrical impulse 
throughout the heart. Furthermore, higher frequencies create 
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a hole faster thereby reducing the probability that a laser 
polarized group of cells in the area of channel creation Will 
short circuit a heartbeat signal. In a preferred embodiment of 
the method of the present invention, pulse Widths less than 
about 300 milliseconds, and preferably loWer than about 200 
milliseconds, have been found to be most effective. Thus, in 
a preferred embodiment of the method of the present inven 
tion, frequency rates greater than 5 hertZ and preferably 
betWeen about 5 hertZ and about 25 hertZ are least likely to 
induce electrical arrhythmia during TMR. 

[0037] The HolmiumzYAG or other comparable pulsed 
laser can be pulsed at a certain rate or Within a range of rates. 
Pulsed application of laser energy to effect vaporiZation and 
ablation of the tissue has been demonstrated to be preferable 
in some instances to application of laser energy in a single 
pulse. In delivering energy to tissue, a given volume of 
tissue Will absorb laser energy converting it into heat. To 
ablate a given target volume of tissue it is necessary to put 
enough heat energy into the volume to vaporiZe it. Acertain 
minimum rate of delivery of energy is required to counteract 
the effect of thermal relaxation Which is the phenomenon by 
Which heat diffuses out of the heated volume of tissue. The 
thermal relaxation time "c is de?ned as the amount of time 
required for a given amount of heat to diffuse out of a given 
volume of tissue. Based upon an estimation that the thermal 
diffusivity of tissue is very close to that of Water, and using 
classical heat transfer theory, the thermal relaxation time 
period for a spot siZe of tissue using a 400 micron diameter 
?ber in contact or very close proximity to the tissue has been 
calculated to be betWeen approximately 57 and 286 milli 
seconds using the folloWing equation: 

[0038] Where K=thermal diffusivity of tissue, d=diameter 
of the illuminated spot. The calculation is based on the 
estimate that K-1.4><10_3cm_2/s. 

[0039] In general, the pulse Width must be optimiZed to 
prevent a peak poWer spike While achieving a predetermined 
energy ?ux for ablation or any other procedure. Too short a 
duration Will require too sharp an energy spike With a very 
high peak poWer level. On the other hand, too long a pulse 
Will result in summation of energy effects Which result in 
overheating, an increased Zone of thermal necrosis, and 
possible other coagulation type effects. 

[0040] It Will be understood that the NdzYAG, HozYAG, 
XezCl excimer and ErzYAG lasers are all pulsed lasers in at 
least preferred forms, and therefore optimum pulse Widths 
may be selected. Appropriate pulsing Will avoid summation 
effects and Will provide a contoured, gentle leading edge of 
the energy delivery pro?le. 

[0041] Use of a continuous Wave laser, such as argon, 
some NdzYAG and some CO2 lasers, typically can be 
enhanced by mechanically chopping the continuous Wave to 
reduce unfavorable thermal effects. The advantage to chop 
ping such laser beams is to reduce or eliminate adverse 
summation effects on the tissue. HoWever, mechanically 
chopping a continuous Wave does make it more dif?cult to 
achieve a non-square or otherWise less assaultive delivery of 
laser energy. In any event, as discussed beloW, Whether 
delivering pulsed energy or continuous Wave energy, the rate 
at Which it is delivered is also important. Too narroW of a 
pulse Width at too loW of a poWer level Will fail to create 
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patent channels. Thus, the poWer of the laser beam, or the 
amount of energy delivered to the tissue in terms of Joules 
per second, is also an important factor to consider. 

[0042] In general, optimal pulse frequencies and pulse 
Widths to avoid arrhythmias combine to create a relatively 
narroW pulse Width delivered at a relatively high pulse 
frequency. 
[0043] Energy Flux and PoWer 

[0044] Energy ?ux Epulse or ?uence, also referred to as 
radiant exposure or energy density, is expressed in units of 
pulse energy per area, or joules per square centimeter. The 
threshold radiant exposure Fth is de?ned as the single pulse 
threshold for the ablation of biologic tissue. For radiant 
exposures less than this threshold, tissue is not vaporiZed or 
ablated, but, instead, is heated. For radiant exposures higher 
than this threshold, tissue is vaporiZed. Thus, for effective 
ablation, the energy per pulse divided by the area of the spot 
siZe must be greater than the threshold radiant exposure. 

Epulse/A>Fth 
[0045] As an approximation, the threshold energy per unit 
volume for Water is knoWn to be 2500 joules per cubic 
centimeter. This is also the heat of vaporiZation, or the heat 
required to raise one cubic centimeter from about body 
temperature to steam at 100 degrees centigrade. This thresh 
old energy per unit volume is given by the equations: 

[0046] Depth of penetration, discussed above, is equal to 
the inverse of the absorption coef?cient and the threshold 
radiant exposure for biologic tissue is about 100 joules per 
square centimeter. An effective energy ?ux must be at least 
this great. Experimentally, threshold energy ?ux rates of 
betWeen about 5 and 75 joules per square centimeter are 
found. 

[0047] The average poWer Pav of a repetitively pulsed laser 
is equal to the energy per pulse times the number of pulses 
per unit time (Pav=joules/pulse><pulses/second, in Watts). 
The number of tissue parcels ablated per second is equal to 
the repetition rate of the laser in pulses per second, or hertZ. 
Thus, increasing the pulse repetition rate to increase the 
average poWer delivered to the tissue linearly increases the 
rate of tissue removal. 

[0048] If a region of tissue is illuminated by more than one 
pulse, an excess of energy accumulates in the tissue. For 
example, if the individual pulse energy and spot siZe provide 
an energy ?ux beloW the single pulse threshold radiant 
exposure Fth, but the interval betWeen pulses at a particular 
repetition rate is shorter than the characteristic thermal 
relaxation time "c, a parcel or given volume of tissue may be 
ablated after a number of pulses has impinged the tissue. 
This process is referred to as summation. 

[0049] FIGS. lA-lC are graphical representations of the 
process of summation. In FIG. 1A, an initial pulse of energy 
80 increases the temperature (T) of the tissue locally. HoW 
ever, given a large amount of time (t) betWeen pulses, the 
temperature of the tissue drops rapidly and immediately at 
82 during the beginning of the delay period (D) folloWing 
irradiation With no net result. Referring noW to FIG. 1B, 
decreasing the time betWeen pulses results in a positive net 
result and tissue ablation. An initial pulse of energy 84 
increases the local temperature to a certain point 86, and 
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then the temperature begins to drop during the time period 
88 immediately following the ?rst irradiation step. At an 
intermediate temperature level 90, another pulse of laser 
energy is delivered to impinge upon the tissue. The addi 
tional pulse elevates the temperature from temperature level 
90 to a temperature 91 Which is high enough to cause 
ablation. Repeated cycling as in FIG. 1B is very effective at 
achieving ablation Without causing excess thermal damage 
in the surrounding tissue. During this mode of operation, the 
system can be described With the folloWing equation: 

[0050] (It should be noted that Fth may not remain con 
stant in this regime: only the ?rst pulse encounters fully 
hydrated, native tissue at body temperature.) Effectively, this 
criterion indicates that ablation can generally take place only 
if energy is supplied faster than it diffuses aWay. Because the 
thermal relaxation time "c is betWeen 57 and 286 millisec 
onds, the interval betWeen pulses can be as short as betWeen 
20 and 50 milliseconds, Which is shorter than the shortest 
thermal relaxation time that arises from laser interaction 
With biologic tissue. A repetition rate greater than 3.5 hertZ 
Will permit entry into this FIG. 1B regime, hoWever, as 
described above, pulse frequencies of betWeen 5 and 15 
hertZ are optimum for laser-assisted TMR in Which the risk 
of electrical arrhythmia is optimally reduced. Using these 
parameters, an average poWer delivery Will be greater than 
6 Watts, or 6 joules per second. 

[0051] By further decreasing the period betWeen laser 
pulses, an excess of heat builds up in the tissue as shoWn in 
FIG. 1C. After an initial temperature rise 92 and a brief 
period of thermal diffusion 94, a further pulse of energy 96 
Will continue to drive the temperature of the tissue upWards. 
Not only is this an inef?cient modality for revasculariZation, 
but the risk of thermal runaWay and associated thermal 
damage to surrounding tissue is very great. Additionally, an 
elevated temperature and excessive tissue damage Will both 
tend to increase the risk of arrhythmia. Not only are the cells 
Which are elevated in temperature more easily depolariZed, 
as they lie in a period of relative refractivity, but thermal 
damage to cells also interferes With their normal ?ring and 
propagation of the electrical impulse. Therefore, in general, 
the poWer of the laser used, or the rate of delivery of energy 
to the tissue, can be tailored to avoid collateral damage of 
subsequent pulses. Though summation and overheating are 
more of a problem With continuous Wave lasers, too small a 
pulse Width With too high a peak-poWer pulse With lasers 
such as the XezCl excimer, though at relatively similar 
poWers as other pulsed lasers, may also have a harmful, 
explosive result. 

[0052] In summary, depending upon the laser selected, the 
energy ?ux and poWer parameters should be adjusted to 
ensure ablation Without deleterious summation effects. The 
net result of such optimiZation is a reduction in the incidence 
of arrhythmia during TMR or other laser procedure. 

[0053] Wave Shape 

[0054] As has been stated, adjustment of the parameters 
discussed above is designed to create a non-square Wave for 
TMR and other laser applications. There is a direct corre 
lation betWeen likelihood of arrhythmia and Wave shape. 
When TMR is performed using a Wave With a square shape, 
that is, a Wave Which immediately and linearly increases to 
a near-maximum level, continues at that level until dropping 
sharply back to the loWer level. Anon-square Wave Would be 
one that is non-linear and had a more gradual increase in 
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amplitude, or curve With a relatively loWer slope, With a 
subsequent gradual decrease. Past experiences With square 
Wave lasers in PTMR and TMR applications clearly dem 
onstrate that the square Waveform is more explosive and 
traumatic to the heart. A comparable energy Wave With a 
Gaussian, bell-shaped or other shaped Waveform does not 
have a tendency to create arrhythmias Whereas square Wave 
forms have a greater tendency to induce arrhythmia due to 
a resulting shock Wave Which adversely impacts the entire 
heart. 

[0055] FIGS. 2A and 2B are graphical comparisons of the 
resultant difference betWeen ablation With a square Wave 
versus ablation With a non-square Wave. In both plots, the 
vertical axis corresponds to both the temperature of indi 
vidual cells in the volume of tissue heated by a single pulse 
as Well as the energy level of those individual cells. In FIG. 
2A, When a square-Wave pulse is applied to the tissue, the 
temperature of the tissue rises sharply during the period 
betWeen t0 and t1. As the population density of individual 
cells heated above the threshold temperature Tth up to a 
maximum temperature TrnaX is relatively large, the chance 
that one individual cell might depolariZe and take over or 
capture the rhythm of the heart is increased. These cells at 
risk of taking over the heart rate and causing an arrhythmia 
are identi?ed by the shaded portion of the graph 100. Alarge 
population of cells rapidly depolariZe and any one can serve 
as a situs of arrhythmic activity. When the pulse of laser 
energy is non-square shaped as in FIG. 2B, the statistical 
probability that a single cell in the population of cells 
betWeen Tth and TrnaX might capture the electrical cycle and 
become arrhythmic is much less. Assuming that a threshold 
temperature Tth exists above Which temperature individual 
cells may become depolariZed (but beloW Which the risk is 
very small), the area 102 under the non-square, generally 
bell-shaped curve in FIG. 2B is much smaller than area 100. 
It Will be understood that the shaded areas under the curves 
above the threshold temperature levels generally are pro 
portional to the probability that arrhythmia Will be pro 
duced—the smaller the area the less likelihood of inducing 
an arrhythmic cardiac cycle. Thus, the areas 104 and 106 can 
be said to be proportional in magnitude to the decrease in 
likelihood that an errant depolariZed cell Will capture the 
cardiac cycle and cause arrhythmia. 

[0056] The net effect of providing a non-square shaped 
pulse Wave is to cause the same amount of ablation, perhaps 
over a slightly longer period of time, With a decreased risk 
of inducing arrhythmia. Bell or Gaussian-shaped Waveforms 
have are highly effective at channeling in the TMR proce 
dure and the risk of inducing arrhythmia is optimally mini 
miZed. 

[0057] It is demonstrated that a non-square, contoured 
Wave shape Will tend to reduce the risk of causing arrhyth 
mia in TMR and PTMR patient’s. This is generally difficult 
to achieve With continuous Wave lasers since chopping of a 
CW laser beam Will not avoid a square or otherWise fairly 
sharp Wave front. HoWever, using pulsed lasers, optimiZa 
tion of a contoured Wave Will further eliminate a high 
peak-poWer spike at or near the center of the pulse. Such 
optimiZation Will include adjustment of the other above 
parameters. 

[0058] Zone of Lateral Necrosis 

[0059] While the precise in?uence of thermal injury on 
TMR channel patency, or other desirable TMR result, is 
unclear, the extent of lateral thermal necrosis should be 
controlled by careful selection of the laser and its operating 



US 2002/0042639 A1 

parameters. In general, minimizing lateral tissue necrosis 
Will result in more efficient tissue removal from the channel 
itself, and Will also result in minimal trauma to surrounding 
tissue. Although lateral tissue damage may be sought in 
some applications, in general, minimal trauma to surround 
ing tissues is a desirable goal. 

[0060] CO2 lasers have been found to produce an intense 
in?ammatory response Which may be inconsistent With 
provision and promotion of an alternative circulation, one of 
the therapeutic mechanisms believed to be associated With 
TMR. Although mechanically-formed channels Were com 
pletely occluded Within 2 days of formation by cellular 
in?ltrate, eventually forming scar tissue, many laser created 
channels remain patent for a longer period of time, but too 
may become occluded With ?broblasts, macrophages and 
subsequently collagen. 
[0061] Thermal injury to myocardium surrounding chan 
nels may delay healing and thus increase duration of 
patency, though the lack of an obvious, visibly patent 
channel may not preclude blood How in vivo via the chan 
nels. HoWever, it has been shoWn that it is possible to alter 
the degree of thermal injury, for eXample With the Ho:YAG 
laser, by changing pulse energy or repetition rate. It has also 
been shoWn that With laser created channels, the eXtent of 
tissue damage associated With the creation of the channels 
can be re?ected in the degree of ?brosis produced. Fibrosis 
associated With the initial injury results in disorganization of 
adjacent myocytes. The observed disarray is similar to that 
found in viable muscle adjacent to a healed infarct. Hence 
the degree of muscle disorganization may be determined by 
the amount of channel-associated ?brosis. 

[0062] The above described structural changes due to 
lateral thermal necrosis result in diminished heart function 
and also provide a substrate for abnormal electrical conduc 
tion. This may increase the chance of inducing arrhythmia 
during such procedure. An increase in interstitial collagen 
can be eXpected to affect heart function by decreasing 
contractility, elasticity and pumping strength, and can also 
be eXpected to decrease cell-to-cell contact. 
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[0063] Thus, in general, at least a minimum degree of 
thermal necrosis Will be present and is considered bene?cial. 
An eXcess of lateral necrosis, hoWever, should be avoided 
since too great an amount of thermal injury Will cause other 
complications non-bene?cial to the TMR patient. 

[0064] Miscellaneous Parameters 

[0065] Another cause of tissue damage is the production 
of vapor bubbles in the tissue being ablated With lasers. The 
degree of myocardial disruption by such acoustic injury is 
slight at repetition rates of betWeen about 2 and 3 Hertz, but 
vapor bubble effect may increase tissue injury in eXcess of 
that caused by temperature increases. 

[0066] An additional consideration Will be the temperature 
of the heart itself. In TMR procedures, cooling the heart Will 
help prevent an accumulation of undesirable, potentially 
harmful heat. In other Words, summation effects can be 
minimized by applying external cooling to the heart itself, or 
portions thereof, selectively or over large areas or otherWise, 
to effectively increase, by as much as several fold or more, 
the thermal relaxation time for the tissue. 

[0067] Variable Parameters 
[0068] The above discussion demonstrates various param 
eters for different laser energies chosen to minimize the 
possibility of arrhythmias and is based upon a generally 
constant, regular delivery of laser energy using those param 
eters. Arrhythmias also may be prevented by providing 
variable, or non-synchronous, delivery of laser energy. Non 
synchronous TMR and PTMR procedures lessen the chance 
of capture of the heartbeat because the either of these 
procedures do not use a predictable, constant ?ring sequence 
for the heart to folloW. FIG. 3 is a block diagram of a 
preferred embodiment of a method for non-synchronous 
laser-assisted TMR using variable parameters. Providing 
variable laser parameters further decreases the risk that 
surrounding tissue Will abandon the regular pattern of the 
heart beat to folloW the particular laser parameters used in 
the laser TMR procedure. The folloWing table illustrates 
several variable laser parameters in TMR procedures With 
decreased risks of arrhythmias. 

Variable Parameters 

CONSTANT NUMBER 

OF PULSES 

DELIVERED/ 
FIXED PULSE 

VARIABLE NUMBER REPETITION RATE, 
MODE OF RANDOMLY VARIABLE PULSE PULSES GATED 

PULSE TRAIN CHANGING PULSES REPETITION RATE RANDOMLY 

PULSE TRAIN #1 2 pulses 2 pulses 2 pulses 
5 hertz 5 hertz 15 hertz 
7 Watts 7 Watts 7 Watts 

PULSE TRAIN #2 3 pulses 2 pulses 3 pulses 
15 hertz 1O hertz 15 hertz 
7 Watts 7 Watts 0 Watts = OFF 

PULSE TRAIN #3 1 pulse 2 pulses 3 pulses 
8 hertz 15 hertz 15 hertz 
7 Watts 7 Watts 7 Watts 

PULSE TRAIN #4 2 pulses 2 pulses 1 pulses 
6 hertz 8 hertz 15 hertz 
7 Watts 7 Watts 0 Watts = OFF 

PULSE TRAIN #5 6 pulses 
15 hertz 
7 Watts 
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[0069] The variable parameters may be preset at the laser 
console control panel. As shoWn, the laser energy applied to 
the heart muscle in a TMR procedure is varied by providing 
(1) a variable number of pulses at a randomly changing pulse 
repetition rate, (2) a constant number of pulses delivered at 
variable pulse repetition rates, or (3) randomly gated pulse 
delivery at a ?xed repetition rate. Mechanical or direct 
modulation may be used to vary the gating. Mechanical 
modulation is preferred using a mechanical device such as 
an automatic shutter or beam chopper. 

[0070] FIG. 4 is a representation of beam patterns Which 
are possible using the variable laser parameter method of the 
present invention. One method of creating a random fre 
quency of pulses is to provide an intra-cavity beam shutter. 
The laser is pulsed at a high repetition rate of ?xed interval, 
for example 15-20 hertZ. The system’s central processing 
unit (CPU) or computer contains a pre-programmed random 
sequence of commands to open the shutter for a random 
period of time, and close the shutter for a random period of 
time until the foot sWitch is released. Thus, line 200 repre 
sents the ?xed interval pulse rate of the laser. This is a 
constant rate, for example 15-20 hertZ. Line 210 represents 
the controller’s shutter operation. It is seen that the actual 
laser output during this time Will be controlled in an on and 
off manner automatically by the operating program of the 
system CPU or other processor. Line 220 is representative of 
the actual output of the laser, alloWing pulses of laser energy 
to be emitted during the Aon periods and suspending laser 
emission past the shutter during the Aoff periods. 

[0071] A second novel method for producing a variable 
laser output pattern is to control the ?ash-lamp of the laser 
as opposed to a mechanical shutter. As With the mechanical 
intra-cavity shutter, the laser is pulsed at a ?xed repetition 
rate of, typically, 15-20 hertZ. The system’s CPU contains a 
pre-programmed randomiZed sequence of commands to 
alloW the ?ash-lamp driver to ?re only during certain pulses 
With the ?xed repetition rate. Apattern similar to that shoWn 
in line 220 is possible in this manner. 

[0072] A third method for producing a variable laser 
output is to control the ?ash-lamp directly. Instead of 
maintaining a continuous ?xed repetition rate, of Which only 
certain pulses are alloWed to occur, this method uses a 
pre-programmed memory of variable repetition rates 
betWeen about 5 and 20 hertZ continuously delivered to 
tissue until the foot sWitch is released. This resultant beam 
pattern is depicted in line 230, a random pattern. 

[0073] Yet a fourth method for producing a variable laser 
output is to change the repetition rate after a predetermined 
set number of pulses have been delivered. For example, the 
pattern shoWn in line 240 is a set of 2 individual pulses per 
each pulse repetition rate used. The random variation of 
repetition rate changes after each 2 pulse set, as shoWn in 
line 250 Where the number of pulses per second is shoWn. 
The resultant beam pattern is depicted in line 260, a random 
pattern. 

[0074] Percutaneous Transluminal Myocardial Revascu 
lariZation (PTMR) 

[0075] Selection of laser parameters for percutaneous 
transluminal myocardial revasculariZation (PTMR) proce 
dures requires consideration of a number of dif?culties 
encountered in most percutaneous ventricle procedures and 
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consideration of factors particularly associated With PTMR. 
US. Pat. No. 5,389,096 issued Feb. 14, 1995, as discussed 
above and PCT WO 96/35469 published Nov. 14, 1996 to 
Aita et al., both discuss apparatus and general methods for 
percutaneous myocardial revasculariZation synchroniZed 
With the heart beat to avoid arrhythrnias. Like Aita’s US. 
Pat. No. 5,380,316 entitled “Method for Intra-Operative 
Myocardial Device RevasculariZation” Which proposed that 
surgical TMR should be performed by lasing through the 
epicardium, these teachings suggest that conventional chan 
nels should be formed in a percutaneous procedure by ?ring 
laser energy from the endocardial surface, thereby destroy 
ing viable endocardial tissue. The percutaneous teachings 
brie?y suggest in general terms that channels should extend 
into the myocardium at depths up to 10 mm. In particular, 
the >096 patent preferably suggests that channels are 1.5-2.0 
mm in diameter With 10-30 mm depths from the endocar 
dium into the myocardium. Both references are draWn 
particularly to methods and apparatus Which attempt to 
stabiliZe the optical ?ber device Within the ventricle , and 
although both references note the obvious need to avoid 
perforation of the epicardium, neither reference addresses a 
number of problems particular to formation of laser revas 
culariZation channels in a PTMR setting. 

[0076] Access to the ventricle for PTMR procedures is 
discussed in US. patent application Ser. No. 08/ entitled 
ASteerable Catheter,@ by Giba et al. ?led Apr. 3, 1997 
Which is hereby incorporated by reference. This application 
teaches of a percutaneous steerable laser delivery catheter 
that is positionable near the heart=s endocardium for PTMR 
treatment. Pulsed laser energy that avoids cardiac arrhyth 
mia is delivered to sections of heart tissue through an optical 
?ber disposed Within the catheter. The catheter is inserted 
through the femoral artery in the groin region and passes into 
the inner heart over the aortic arch into the left ventricle. 
Channel formation in a PTMR procedure requires a catheter 
of lengths up to 120 cm Which poses a number of problems 
Which must be solved by a cardiologist controlling the 
channel forming device from a remote position outside of 
the body. In particular, many dynamic forces occur during 
optical ?ber advancement through a catheter=s lumen for 
correct positioning thereof in relation to the endocardial 
Wall. 

[0077] These forces include frictional forces Within the 
catheter=s lumen as Well as forces encountered because of 
the patient’s cardiac activity. For example, these variable 
forces are caused by 1) the overall length of the catheter and 
the attendant frictional forces caused by optical ?ber 
advancement Within the catheter 2) movement of the heart 
Wall as the heart beats; and 3) variable tissue resistance to 
the optical ?ber advancement through the spongy variable 
density endocardium With subsequent advancement through 
the denser myocardium. The endocardium, a porous variable 
density tissue layer, moves toWards and aWay from a posi 
tioned catheter delivery system tip as the heart contracts and 
expands. This motion is resisted by the resilient nature of the 
catheter tip Which attempts to bias the tip against the 
endocardial Wall. The dynamic encounter betWeen the 
endocardium and the distal tip of the catheter also poses 
potentially undesirable heart arrythmias due to mechanical 
forces created by optical ?ber placement against the 
endocardium and subsequent advancement through the 
endocardial layer into the myocardium. During a PTMR 
procedure, the cardiologist must monitor these cumulative 
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variable forces occurring at the catheter tip and perform 
laser tissue ablations using the catheter=s proximal hand 
piece for both positioning the optical ?ber tip and advancing 
the optical ?ber as channel formation occurs. 

[0078] PTMR channels must be created in tissue Which, in 
addition to having variable densities, may vary in depth. The 
average thickness of the endocardium is approximately one 
mm or less and the thickness of the myocardium typically is 
approximately several cms or less. HoWever, coronary ana 
tomical irregularities may result in sections of the myocar 
dium Which are less than 10 mm in thickness. Unintended 
tissue ablations in thin areas of the myocardium may cause 
perforations through the epicardial Wall leading to cardiac 
tamponade. Failure to account for differences in tissue 
density also may cause irregular channel formation With 
unWanted lateral necrosis. Laser parameters should be 
selected to take into consideration the relative ease in 
penetrating and advancing through the less dense endocar 
dium as opposed to the relatively more dif?cult penetration 
and advancement into the denser myocardium. Laser poWer 
level(s) and/or pulse rate(s) must be correct to ensure proper 
?ber advancement to avoid irregular channel formation With 
unWanted lateral necrosis. Most important, procedural steps 
must be observed to select proper laser poWer level(s) and/or 
pulse rate(s) to ensure a patient’s safety and Well being. 

[0079] Generally, PTMR laser parameters should be 
adjusted to compensate for several possible ?ber optic 
delivery system positions, i.e. 1) juxtaposed or resting 
lightly against the endocardium Without urging, 2) urged 
against the endocardium, and 3) pierced into the endocar 
dium and juxtaposed to the myocardium. This is particularly 
true With smaller ?ber optic delivery systems. In particular 
?bers smaller than 1 mm in diameter, piercing can be 
performed readily through the endocardium With the forces 
described. Any one of these three scenarios can occur While 
the heart is beating thereby causing variable density of the 
endocardium and myocardium. If the position of the optical 
?ber optic delivery system is not knoWn or cannot be 
determined With certainty, prior to delivery of laser energy, 
laser parameters should be selected to ensure no harm Would 
occur given any possible position of the ?ber optic delivery 
system. For instance, delivering relatively high poWered 
laser energy in scenario one Without ?ber advancement may 
cause cratering and destruction of the viable endocardium 
layer, or delivering such energy in scenario three With 
signi?cant ?ber advancement may cause perforation of the 
epicardium. Thus, the encountered catheter forces and 
uncertainties as to positioning the optical ?ber tip in rela 
tionship to variable tissue densities bear upon the nature and 
quality of PTMR channel formation. Recent clinical studies 
have shoWn that PTMR procedures using laser parameters 
selected to form shalloWer channels Will alleviate angina, 
create channels Without signi?cant damage to the endocar 
dium or cratering, and incur minimal risk to a patient. 

[0080] PTMR laser parameters are selected to provide a 
generally loW poWer approach using a limited number of 
pulses for con?ned myocardium penetration to provide a 
safe mode to perform PTMR. Percutaneous laser revascu 
lariZation procedures at loWer poWer levels With limited 
number of pulses per channel formed relieve a patient’s 
angina symptoms While ensuring optimal patient safety. 
These studies used a non-synchronous based PTMR system 
using a HolmiumzYAG laser source, eg an Eclipse Surgical 
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Technologies TMR-2000 With a laser catheter delivery sys 
tem Whose internal optical ?ber Was one mm in diameter. 
The catheter has a mechanism for advancing the ?ber for 
short penetrations up to 5 mm depending upon left ventricle 
Wall location. The patients Who underWent this treatment 
experienced good results When a HolmiumzYAG laser Was 
operated at 5 HZ, in a preset pulse ?ring mode of up to ?ve 
pulses/cycle, having an output average poWer of 3-4 Watts 
Where the laser pulse Widths Were betWeen 100 and 250 ms, 
and the number of pulses per formed channel Was less than 
?ve. Parametrically, the average poWer density/pulse in a 
pulse preset mode is approximately 1-4.5 Watts/mm2, the 
energy density is approximately 0.9 joules/mm2, given an 
optical ?ber diameter that varies betWeen 600 and 1100 
microns respectively. Patient’s experienced relief from 
severe angina When myocardium penetration Was less than 
3 mm. LoWer average poWer at the 3-4 Watt range per pulse 
With 1 mm diameter optical ?ber and ?ber advancement up 
to 5 mm compensated for many variables discussed above. 

[0081] At a 3.5 Watt setting operating at 5 HZ, the laser 
readily ablates approximately 1 mm sponge-like endocardial 
Wall thickness and an additional 0.5 mm of denser myocar 
dial Wall thickness during the initial pulse, depending on tip 
location, With each subsequent pulse ablating approximately 
0.5 mm of myocardium tissue. This step provides a Welling 
action in the endocardial layer that assists in oxygenated 
blood transportation into the channels formed in the myo 
cardium. Partial myocardial Wall penetration for an average 
patient requires three or four pulses to achieve a 2-3 mm 
channel into the myocardium. For patient’s With greater 
predetermined left ventricle Wall thickness, the ?ber 
advance can penetrate up to 5 mm With ?ve laser pulses 
being ?red. The amount of energy delivered using 3-4 Watts 
and a maximum of ?ve pulses is insuf?cient to cause 
unWanted lateral necrosis or epicardium penetration in any 
of the three possible catheter tip delivery positions discussed 
above, but is suf?cient to relieve angina. For example With 
optical ?ber advancement limited to 5 mm, When an optical 
?ber tip is juxtaposed to the endocardium With a 3.5 Watt 
setting Where 3-5 pulse are ?red, the laser pulses typically 
Would form a channel approximately 2.5 to 3.5 mm depend 
ing upon Whether the optical ?ber is stationary or advancing 
after each pulse ?ring. If the ?ber’s optical tip pierces the 
endocardium prior to initial pulse ?ring and the laser is at the 
same poWer level and a pulse preset ?ring mode of 3-5 
pulses, depth of the channel is approximately approximately 
3.5 to 4.5 mm depending upon Whether the optical ?ber is 
stationary or advancing after each pulse ?ring. Thus, the 
loWer poWer settings provides a safety margin that ensures 
patient’s safety in a Worst case scenario. 

[0082] Although loW poWer in the 3-4 Watt range is 
preferred, alternate parameters can be a single laser pulse 
With laser average poWer settings in a 7 to 9 Watt range When 
the heart is contracted. Generally, the alternate parameter is 
particularly suitable When the delivery system is urged 
against endocardium, and the energy is delivered Without 
?ber advancement. The single pulse prevents cratering and 
the energy perforates approximately no more than 5 mm, or 
half the typical thickness of the myocardium. 

[0083] If a XezCl excimer laser is used as the laser source 
in the PTMR procedure, the excimer laser operates at around 
a 50 mJ/mm2 active ?uence energy setting at 15 HZ. The 
laser ablates approximately 0.5 mm of the sponge-like 



US 2002/0042639 A1 

endocardial Wall thickness during initial pulsation at the 
inner endocardial Wall Where subsequent pulses in the 
myocardium ablate slightly less than 0.5 mm of myocardial 
tissue, these factors are dependent upon the heart’s state and 
position of the ?ber prior to pulsing. A channel in the 
myocardial Wall for an average patient requires 8-10 pulses. 
For patient’s With greater left ventricle Wall thickness, the 
?ber advance can penetrate up to 5 mm using up to ten laser 
pulses. 

[0084] If desired, the position of the catheter tip may be 
positively determined by partial or total piercing of the 
endocardial Wall prior to delivery of a ?rst laser pulse. A 
small diameter, ie less than 1 mm, or a piercing tip type 
optical ?ber on a larger diameter ?ber can be used as taught 
in US. patent application Ser. No. 08/638,677 entitled 
AOptical Fiber Device for Laser Surgery Procedures,@ 
Which is incorporated by reference. Piercing provides addi 
tional stability of the catheter tip to avoid destruction of 
endocardial tissue during a PTMR procedure and alloW 
Welling action to occur for oxygenated blood transport to the 
myocardial layer. The pulses penetrate the myocardium With 
an optical ?ber advancement rate of approximately 0.5 mm 
after each laser pulse so as to create nearly uniform channels 
of cylindrical shape With minimal lateral necrosis. Differing 
heart anatomies may require up to ?ve pulses. PTMR 
channels of approximately the same depth in the myocadium 
are created When delivering a single higher poWer laser 
pulse When the heart is in a systolic state and heart tissue 
density is greatest. 

[0085] The cardiologist may observe the PTMR procedure 
on an imaging screen, eg using Well knoWn ?uoroscopic 
procedures to observe the catheter=s positioning in relation 
ship to the endocardial Wall. Also, an ultrasound imaging or 
ranging device in conjunction With the PTMR catheter as 
taught in US. patent application Ser. No. 08/7xxx entitled 
AUltrasound Device For Axial Ranging,@ Which is hereby 
incorporated by reference, may be used to determine cath 
eter tip position, particularly in the preferred loW poWer 
embodiment When the ?ber is advanced during delivery of 
the 3-5 pulses. The ultrasound device Would ideally be used 
intermittently or in real time so that ?ber advancement could 
be assured concurrent With each pulse. 

[0086] Fiber advancement for the laser delivery device can 
typically be up to 5 mm. Compensation for greater depths of 
controlled penetration can be accomplished by adjusting 
either poWer and/or the number of pulses/formed channel. 
Any of the parameters discussed above may be easily 
controlled using the laser pulse preset mode Which ensures 
that only the desired number of pulses are delivered upon 
activation of the laser delivery mechanism, typically a foot 
pedal With automatic laser shut-off even With continued foot 
pedal activation to ensure safety and controllability during 
either TMR and PTMR. 

[0087] Method for Selecting Optimum Parameters 

[0088] Based on the foregoing, a preferred method for 
determining the optimum parameters for performing TMR 
utiliZing any suitable medical laser available Will be appar 
ent. At the outset, an initial consideration is to achieve the 
minimum threshold for tissue ablation and minimiZe the 
total amount of energy utiliZed to complete the procedure. 
Adapting parameters to this consideration Will decrease the 
overall trauma to the heart and minimiZe the risk of inducing 
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arrhythmia. A poWer setting Which eliminates potential 
linear effects such as short, explosively high peak poWer 
pulses Will be more desirable. 

[0089] Additionally, When using a pulsed laser, Which is in 
general more desirable than a continuous Wave laser, 
increasing the pulse Width, to prevent an excessively high 
peak poWer, to deliver a predetermined amount of energy in 
a given pulse, up to the point of thermal damage caused by 
summation effects, is desirable. In other Words, the thermal 
relaxation time and factors Which might affect that value 
including, but not limited to, heart temperature, is consid 
ered. 

[0090] Furthermore, contouring or shaping the front end 
of the Wave form to provide an ef?cient cutting or ablation 
Wave shape but to prevent explosive, linear square Wave 
shapes. Again, avoiding an excessively high peak poWer 
spike Within the pulse Will be advantageous. 

[0091] Finally, correcting for mechanical events inherent 
in the selected TMR system, including but not limited to the 
elected access to the heart, duration of the entire procedure, 
manipulation of the laser delivery means and movement of 
the beating heart; and, mechanical events inherent in the 
individual patient, including but not limited to heart geom 
etry, pre-existing heart arrhythmia or other factors causing a 
predisposition to such. 

[0092] The present invention is intended for use With any 
medical laser. In particular, the Holmium or excimer laser is 
particularly suited to the present invention. HoWever, any 
suitable laser source, pulsed or otherWise, could provide 
laser energy to the laser delivery means of the present 
invention for performing the method of the present inven 
tion. LikeWise, the catheter and surgical equipment, includ 
ing laser delivery means, referred to in the present document 
as Well as that knoWn and used in medicine and other 
disciplines today and in the future, Will be included in the 
scope of this disclosure. Such laser delivery means include, 
but are not limited to, individual optical ?bers as Well as 
bundles of ?bers, rods, mirrors con?gurations and other 
laser delivery means With and Without focusing lens and the 
like. It Will also be understood that the apparatus and method 
of the present invention as described herein, including the 
novel combinations or use With any conventional mecha 
nism or method Which are knoWn to those skilled in the art, 
are included Within the scope of this invention. 

[0093] It Will further be understood that While the present 
invention has been described for performing TMR on 
endocardial surfaces in the left ventricle, the apparatus and 
methods described herein are equally intended for use in any 
suitable procedure, including but not limited to procedures 
Where any device need be extended through a guiding 
catheter to an opening or other point Within the body for 
other medical procedures including laser treatment, visual 
iZation, biopsy, etc. Stimulation, for example, is performed 
by using laser energy to create Zones or pockets, optionally 
interconnected at least initially by small channels ablated 
through the tissue, for the introduction of blood born groWth 
and healing factors and stimulated capillary groWth sur 
rounding the lased Zones or pockets to create an increased 
supply of oxygen to the tissue and thus a revitaliZation of the 
heart muscle. Methods and apparatus for causing stimulation 
are more fully described in co-pending US. patent applica 
tion Ser. No. 08/664,956 ?led Jun. 13, 1996. 
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[0094] While the principles of the invention have been 
made clear in illustrative embodiments, there Will be imme 
diately obvious to those skilled in the art many modi?cations 
of structure, arrangement, proportions, the elements, mate 
rials, and components used in the practice of the invention, 
and otherWise, Which are particularly adapted to speci?c 
environments and operative requirements Without departing 
from those principles. The appended claims are intended to 
cover and embrace any and all such modi?cations, With the 
limits only of the true spirit and scope of the invention. 

We claim: 
1. A method for performing transmyocardial revascular 

iZation (TMR) With laser energy having parameters selected 
to avoid cardiac arrhythmia, the method comprising the 
folloWing steps, in combination: 

determining a Wavelength of the laser energy from a laser 
selected to perform transmyocardial revasculariZation; 

using the Wavelength determination to select parameters 
for the laser energy to produce a non-square Wave 
shape; 

generating the laser energy at the determined Wavelength 
With the selected parameters to produce the non-square 
Wave shape; and 

delivering the generated laser energy in one or more 
pulses to selected portions of heart tissue to perform 
transmyocardial revasculariZation in myocardium 
Without inducing cardiac arrhythmia and Without syn 
chroniZing delivery of the laser energy to a cardiac 
cycle. 

2. The method of claim 1 Wherein the selected parameters 
are poWer level, energy ?uX, pulse Width, and pulse fre 
quency. 

3. The method of claim 2 Wherein the laser energy has a 
Wavelength of betWeen about 1.8 and about 2.2 microns, an 
energy ?uX of about 1.78 J/square millimeter and a poWer 
level of at least about 6 Watts, the laser energy being 
delivered With a pulse frequency of at least about 5 HertZ 
and a pulse Width of betWeen about 150 and about 350 
millisecond, the laser energy as delivered causing about 5 
millimeters or less lateral necrosis surrounding a transmyo 
cardial treatment site. 

4. The method of claim 3 Wherein the laser energy is 
generated by a Holmium:YAG laser. 

5. The method of claim 2 Wherein the laser energy has a 
Wavelength of about 0.308 microns, a poWer level of about 
2 Watts and an energy ?uX of betWeen about 2 and about 8 
J/square millimeter, and is delivered With a pulse frequency 
of betWeen about 5 and about 25 HertZ and a pulse Width of 
about betWeen about 10 and about 200 microseconds, and 
causes about 5 microns lateral necrosis surrounding the 
TMR channel produced thereby. 

6. The method of claim 5 Wherein the laser energy is 
generated by a Xe:CI eXcimer laser. 

7. The method of claim 2 Wherein the laser energy has a 
Wavelength of about 10.6 microns, an energy ?uX of about 
51 J/square millimeter and a poWer level at least about 800 
Watts, is delivered in a single pulse about of 0.03 seconds 
and can be gated, and causes betWeen about 0.05 to about 0.2 
millimeters lateral necrosis surrounding a TMR channel 
produced thereby. 

8. The method of claim 7 Wherein the laser energy is 
generated by a C02 laser. 
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9. The method of claim 2 Wherein the laser energy has a 
Wavelength of betWeen about 0.488 and about 0.514 
microns, an energy ?uX of betWeen about 1.3 and about 
12.74 J/square millimeter and a poWer level at least betWeen 
about 1 and about 10 Watts, is delivered in a single pulse, and 
causes approximately 4 millimeters lateral necrosis sur 
rounding a TMR channel produced thereby. 

10. The method of claim 9 Wherein the laser energy is 
generated by an Argon laser. 

11. The method of claim 2 Wherein the laser energy has a 
Wavelength of about 1.06 microns, an energy ?uX of 
betWeen about 9.5 and about 13 J/square centimeter and a 
poWer level at least betWeen about 2 and about 100 Watts, is 
delivered With a pulse frequency of betWeen about 1 and 
about HertZ and a pulse Width of about 10 nanoseconds, and 
causes at least about 15 millimeters lateral necrosis sur 
rounding a TMR channel produced thereby. 

12. The method of claim 11 Wherein the laser energy is 
generated by an Nd:YAG laser. 

13. The method of claim 2 Wherein the laser energy has 
a Wavelength of about 2.94 microns, an energy ?uX of 
betWeen about 50 and about 500 J/square millimeter, is 
delivered With a pulse frequency of betWeen about 1 and 
about 15 HertZ and a pulse Width of betWeen about 1 and 
about 250 microseconds, and causes about 0.1 millimeters 
lateral necrosis surrounding a TMR channel produced 
thereby. 

14. The method of claim 13 Wherein the laser energy is 
generated by an Er:YAG laser. 

15. The method of claim 1 Wherein the laser energy is 
delivered to the selected portions of heart tissue using a 
catheter apparatus With laser delivery means, the method 
further comprising the folloWing steps: 

introducing the catheter apparatus With laser delivery 
means percutaneously into the vasculature of the 
patient; and 

positioning the laser delivery means at the endocardial 
surface of the selected portions of heart tissue. 

16. The method of claim 1 Wherein the laser energy is 
delivered to the selected portions of heart tissue in a surgical 
procedure using laser delivery means, the method further 
comprising the folloWing steps: 

surgically accessing the selected portions of heart tissue; 
and 

positioning the laser delivery means at an epicardial 
surface of the heart tissue. 

17. The method of claim 1 Wherein assess to the selected 
portions of heart tissue is achieved from inside a coronary 
artery. 

18. The method of claim 15 further including the folloW 
ing step: 

mechanically piercing the endocardial surface adjacent 
the selected portions of heart tissue prior to delivering 
the laser energy into the myocardium. 

19. The method of claim 16 further including the folloW 
ing step: 

mechanically piercing the epicardial surface adjacent the 
selected portions of heart tissue prior to delivering the 
laser energy into the myocardium. 
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20. A method of percutaneous transluminal myocardial 
revasculariZation of a patient’s myocardium for relieving 
angina and avoiding cardiac arrhythmia, comprising the 
steps of: 

inserting a guidable elongated ?exible lasing apparatus 
encompassing an optical ?ber into a patient’s vascula 
ture; 

guiding a distal end of the lasing apparatus to an area 
Within the patient’s heart; 

directing the distal end of the lasing apparatus to an area 
Within the heart to be revasculariZed; 

providing a HolmiumzYAG laser source operating at 
around 5 HZ With a laser pulse Width betWeen 100-250 
milliseconds, and approximately 0.7-0.9 Joules/mm2 
emitted from the distal end of the lasing apparatus; and 

irradiating an inner Wall of the heart With the no more than 
?ve laser pulses to form at least one channel by the 
method Whereby the channel extends into myocardial 
tissue Without epicardial penetration. 

21. The method of claim 20 Wherein the step of irradiating 
the inner Wall of the heart uses the optical ?ber that is 
betWeen 600-1100 microns in diameter and pulsation num 
ber is betWeen 2-5 pulses With an average laser poWer of 3.5 
Watts. 

22. The method of claim 20 Wherein the step of directing 
the distal end of the lasing apparatus to an area Within the 
patient’s heart comprises placement of the optical ?ber end 
at the endocardial Wall prior to the step of laser irradiation. 

23. The method of claim 21 Wherein the step of directing 
the distal end of the lasing apparatus to an area Within the 
patient’s heart comprises placement of the optical ?ber end 
at the endocardial Wall prior to the step of laser irradiation. 

24. The method of claim 20 Wherein the step of directing 
the distal end of the lasing apparatus to an area Within the 
patient’s heart comprises the step of piercing the optical 
?ber end partially through the endocardial Wall prior to the 
step of laser irradiation. 

25. The method of claim 21 Wherein the step of directing 
the distal end of the lasing apparatus to an area Within the 
patient’s heart comprises the step of piercing the optical 
?ber end partially through the endocardial Wall prior to the 
step of laser irradiation. 

26. The method of claim 20 Wherein the step of directing 
the distal end of the lasing apparatus to an area Within the 
patient’s heart comprises having the optical ?ber end pierce 
totally through the endocardial layer prior to the step of laser 
irradiation. 

27. The method of claim 21 Wherein the step of directing 
the distal end of the lasing apparatus to an area Within the 
patient’s heart comprises having the optical ?ber end pierce 
totally through the endocardial Wall prior to the step of laser 
irradiation. 

28. The method of claim 20 Wherein the step of directing 
the distal end of the lasing apparatus to an area Within the 
patient’s heart comprises having the optical ?ber end pierce 
totally through the endocardial layer and part Way into the 
myocardial tissue and the average poWer level setting is 
reduced prior to the step of laser irradiation. 

29. The method of claim 21 Wherein the step of directing 
the distal end of the lasing apparatus to an area Within the 
patient’s heart comprises having the optical ?ber end pierce 
totally through the endocardial layer and part Way into the 
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myocardial tissue and the average poWer level setting is 
reduced prior to the step of laser irradiation. 

30. The method of claim 22 Wherein the method further 
includes a step of progressively advancing the optical ?ber 
end betWeen successive laser pulses. 

31. The method of claim 24 Wherein the method further 
includes a step of progressively advancing the optical ?ber 
end betWeen successive laser pulses. 

32. The method of claim 26 Wherein the method further 
includes a step of progressively advancing the optical ?ber 
end betWeen successive laser pulses. 

33. The method of claim 20 Wherein the method further 
includes a step of providing an ultrasound device for deter 
mining a position of the ?ber optical end With respect to a 
ventricle Wall prior to each laser pulse emission. 

34. The method of claim 20 Wherein the step of directing 
the distal end of the lasing apparatus to an area Within the 
heart to be revasculariZed comprises engaging the optical 
?ber end by piercing the endocardial Wall surface With the 
optical ?ber end. 

35. A method of percutaneous transluminal myocardial 
revasculariZation of a patient for relief from angina While 
avoiding cardiac arrhythmia during the procedure, compris 
ing the steps of: 

inserting a guidable elongated ?exible lasing apparatus 
encompassing an optical ?ber into the patient’s vascu 
lature; 

guiding the distal end of the lasing apparatus to an area 
Within the patient’s heart; 

directing the distal end of the lasing apparatus to an area 
Within the heart to be revasculariZed; and 

irradiating an inner Wall of the patient’s heart using a 
HolmiumzYAG laser source With a single pulse of laser 
energy With a laser pulse Width betWeen 100-250 
milliseconds and approximately 1.8 Joules/mm2 emit 
ted from the optical ?ber’s end of the lasing apparatus 
and the optical ?ber that is betWeen 600-1100 microns 
in diameter; 

Whereby a formed channel by the method extends no 
more than approximately 3 mm into myocardial tissue 
Without epicardial penetration. 

36. The method of claim 35 Wherein the step of directing 
the distal end of the lasing apparatus to an area Within the 
heart to be revasculariZed comprises engaging the optical 
?ber=s end by piercing the endocardial Wall surface With the 
optical ?ber’s end. 

37. A method of percutaneous transluminal myocardial 
revasculariZation of a patient’s heart for relieving angina and 
avoiding cardiac arrhythmia, comprising the steps of: 

a) inserting a guidable elongated ?exible lasing apparatus 
encompassing an optical ?ber With a distal end into a 
patient’s vasculature; 

b) guiding the distal end of the lasing apparatus to an area 
Within the patient’s heart; 

c) directing the distal end of the lasing apparatus to an 
area Within the heart to be revasculariZed; 

d) controlling a distance the lasing apparatus may be 
advanced into heart tissue; 
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e) providing a Holmium; YAG laser source operating at 
around 5 HZ With a laser pulse Width betWeen 100-250 
milliseconds; 

f) selecting a laser poWer level emitted from the distal end 
dependent upon a controlled distance of the distal end 
of the laser apparatus in step d); 

g) selecting a number of laser pulses based upon the 
controlled distance in step d); and 

h) irradiating an inner Wall of the heart and forming a 
channel into myocardial tissue Without epicardial Wall 
penetration. 

38. The method of claim 37 Wherein the method further 
includes a step of providing an ultrasound device for deter 
mining a position of the distal end With respect to a ventricle 
Wall prior to each laser pulse. 

39. A method of percutaneous transluminal myocardial 
revasculariZation of a patient’s heart for relieving angina and 
avoiding cardiac arrhythmia, comprising the steps of: 

a) inserting a guidable elongated ?exible lasing apparatus 
encompassing an optical ?ber With optical distal end 
into the patient’s vasculature; 

b) guiding the distal end of the lasing apparatus to an area 
Within the patients heart; 

c) directing the distal end of the lasing apparatus to an 
area Within the heart to be revasculariZed; 

d) controlling a distance the distal end may be advanced 
into heart tissue; 

e) providing an eXcimer laser source operating at around 
15 HZ With a laser pulse Width Where the distal end can 
emit radiation of at least about 50 mJ/mm2, 

f) selecting a laser poWer level emitted from the distal end 
of the lasing apparatus dependent upon a controlled 
distance of the laser apparatus in step d); 
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g) selecting a number of laser pulses based upon the 
controlled distance in step d); and 

h) irradiating the heart’s inner Wall to form a channel into 
myocardial tissue Without epicardial Wall penetration. 

40. The method of claim 38 Wherein the number of pulses 
is less than ten and the optical ?ber’s distal end is approxi 
mately 1 mm in diameter. 

41. Amethod of selecting laser parameters for performing 
laser-assisted percutaneous transluminal revasculariZation 
(PTMR) to avoid cardiac arrhythmia and Without synchro 
niZation of delivery of laser energy to a patient’s cardiac 
cycle, the method comprising the folloWing steps, in com 
bination: 

selecting a minimum poWer level of laser energy to be 
used, the minimum poWer level being sufficient to 
ablate heart tissue; 

setting a pulse frequency as great as possible and selected 
to avoid summation effects; 

setting a pulse Width as long as possible and selected to 
prevent excessively high peak poWer Without causing 
undesired levels of thermal damage during PTMR; 

shaping a front end of each pulse of laser energy to 
provide non-linear pulses to avoid cardiac arrhythmia 
during PTMR; and 

correcting the selected poWer level, pulse Width, pulse 
frequency, and shaping for limiting the depth of a 
formed channel to no more than half the Wall thickness 

of a patient’s myocardium. 


