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ABSTRACT

Drilling holes in myocardial tissue using high-power lasers has shown to be effective in
relieving angina in patients in an end-stage coronary heart disease who do not respond to
medication and are unsuitable for standard revascularization techniques. An overview is
presented of the interaction of various laser systems with myocardial tissue and the many
experimental and clinical studies that have been conducted to elucidate the mechanism
of the therapeutic effect of transmyocardial (laser) revascularization (TMR or TMLR).

An angina relief of 2 classes with an acceptable mortality (5 — 10 %) and morbidity (20 -
30 %) rate is achieved in the majority of patients. Adverse effects can be minimized by
critical patient selection and by a percutaneous approach (PMR). There is no significant
difference in the results between the treatment modalities. The acute beneficial effect of
TMLR might be attributed to sympathetic denervation. The combined thermal and
mechanical injury has shown to provoke an angiogenic response that may be enhanced
by adding growth factors. Consequent improvement of the myocardial reperfusion and
functionality has been observed but needs further verification with, e.g., high-resolution
scintigraphic techniques. Based on the experience in over 7000 patients, TMLR shows to
be an effective and safe procedure resulting in a significant improvement in the quality
of life for a carefully selected patient group suffering from end-stage coronary disease.

Keywords: Transmyocardial Revascularization, Coronary Disease, Literature Review,
Laser Surgery, Laser-Tissue Interaction, Holmium, Excimer, CO, laser, Angina, Heart.

1. INTRODUCTION

Over the last few years several thousands of patients suffering from an end-stage
coronary heart disease have been treated by transmyocardial laser revascularization
(TMR or TMLR). High power laser systems are used to drill channels through the
myocardium assuming that blood from the left ventricle provides reperfusion of
ischemic regions resulting in a reduction of angina. The majority of patients seem to
benefit from the procedure, however the therapeutic effect of the treatment is not well
understood. Since there are no randomized trials yet with large numbers and objective
measurements confirming the benefit, there is a large skepticism within the societies of
cardiologists and cardiac surgeons on the procedure.

In this paper an update will be given on the status of TMLR. First the pathology and the
anatomy of normal and diseased myocardium will be discussed followed by a short
historical overview of the development of TMR. Next the laser systems available for
treatment will be reviewed and the mechanism of action during exposure of the
myocardium will be discussed in detail. Depending on the laser system, various
strategies have been developed for the treatment. Several animal studies have been

conducted or are in progress to prove the working mechanism of TMLR. In the
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meantime companies are pushing TMLR on the market all over the world with various
laser systems. With data from initial studies, they applied for approval of the FDA, to get
the techniques accepted. A summary will be given of the clinical results. Following,
various hypotheses will be discussed for the mechanisms of TMLR.

The status of TMLR and related subjects was reviewed excellently in a book edited by
Klein et al. ' in 1997. In two more recent papers experimental and clinical results of
TMLR are being reviewed till the beginning of 1999 *°. This overview provides
additional information of the present state of TMR (October 1999). Hopefully, it will
contribute to the discussion to elucidate the working mechanism of TMLR and which
randomized studies are needed to show if TMLR is just magic or a useful tool to treat
patients who suffer from end-stage coronary artery disease without further therapeutic
alternatives.

2. PATHOLOGY

Coronary arterial sclerosis is the main reason for chronic myocardial ischemia. The
progression of the sclerosis takes place over many years and might already start at young
adult age. The patient is not aware of his disease till the occlusions exceed 70 % of the
original volume due to various compensation mechanisms. Besides an active regulatory
system which influences the luminal width of an artery, the capacity of blood flow in
side branches can increase or even new ones can be formed compensating for the
original flow. Sometimes, natural anastomoses are formed from the major arteries
surrounding the heart.

At some moment, symptoms will expose the presence of myocardial ischemia. This can
occur abruptly by a (near) heart attack due to arterial spasm or an occluding thrombus.
Immediate medical care is necessary to prevent partial myocardial destruction or
arrthythmia resulting in instant death. The symptoms can also show up gradually by
increasing angina, ‘chest pain’, especially during activity and stress. Medication is the
first treatment of choice. If the symptoms sustain, diagnosed stenoses can be dilated by
percutaneous transluminal balloon angioplasty (PTCA) or more invasively, coronary
artery bypass surgery (CABG) can be performed. However, some patients do only
benefit temporarily from these treatments or are poor candidates for either treatment due
to the presence of diffuse small arterial disease or too small coronary arteries to receive a
bypass. Relying on medication only, these patients are severely handicapped with a poor
quality of life. Therefor, new therapeutic alternatives like transmyocardial
revascularization need to be considered although they seem extraordinary at first
Instance.

The original idea of TMR is inspired by the reptilian heart where blood from the left
ventricle directly perfuses the myocardium through a network of channels. Also in
humans indications were found for the existence of alternative routes that could
contribute to the perfusion of the myocardium. As early as the beginning of the 17"
century, it was discovered that channels existed draining the venous blood in the
ventricles called the Thebesian veins. Much later in 1933 the arteriosinusoidal vessels
were discovered on the arterial side by Wearn et al. * The number of coronary
ventricular anastomoses as well as their contribution to the blood supply to the
myocardium is not well known.

Comparison of this human ‘perfusion’ network with the reptilian heart is based on a
strong simplification or an exaggeration. Reptiles have a ‘normal’ coronary system.
However, their very spongious, filigree like inner part of the ventricular myocardium is
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nourished by convection of the surrounding blood (figure 1). Due to the spongious
character of the ventricular inner wall, the total surface area exposed to the ventricular
blood is immense. Compared to this, the surface of the ‘perfusion’ network above or the
channels created by TMLR is minimal and can not be seriously considered to provide
the same mechanism of nourishment in human hearts.

figure I :
Drawing from reptile heart showing the spongious structure
(from 19" century anatomy textbook).

3. HISTORY

Based on pathologic findings of connections between the ventricles and the
myocardium, it was postulated that direct perfusion of the myocardium should have a
beneficial effect. One of the procedures developed and sometimes even used today is the
Vineberg procedure where the internal mammary artery is implanted in a mechanically
created hole in the myocardium °. Massimo and Boffi implanted plastic tubes with side
holes to supply blood to the sinusoids in the myocardium ¢ while Goldman used
perforated graft for a similar procedure ’. Channels created by mechanical punctures
from the left ventricle into the myocardium were reported by Sen *°, Khazei '° and
Walter ''. However, Pifarre reported that the channels closed due to fibrosis within 6
weeks postoperatively '2. With the development and success of direct coronary artery
grafting the puncture methods become outmoded. Only a few investigators continued the
evaluation of alternative techniques of revascularization in conjunction with bypass
grafting.

The initial experiments to use a laser to drill the channels in the myocardium were
performed by Mirhoseini in 1971 . He used a 400 W CO, laser to drill holes in a
canine model. He used one pulse of 400 J triggered by the ECG in the diastolic phase to
create the channels which showed to preserve the myocardium after ligation of the left
anterior descending coronary artery. These results were reproduced by Eliseenko ** who
claimed to have evidence of flow through the channels to the capillary and venous
network using scintigraphy. Okada in Japan also showed reduction in the infarction site
in lased hearts after coronary ligation and improvement in the electrocardiogram (ECG)
in the months following surgery '°.

The first patient was treated in 1983 by Mirhoseini in Milwaukee '7. Followed by
another 20 patients during the next 6 years. In 1987 Fisher and Crew joined forces to
start TMLR procedures in Daly City, Ca., and contacted the company Laser Engineering
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in Milford, Mass., to develop a clinical CO, system to deliver 50 J in 100 ms. Since 1989
tens of patients have been treated with the first prototype of the present Heart laser. In
1992, PL.C Systems was founded from Laser Engineering, marketing the 800 W Heart
laser capable to create a 40 mm deep hole in the myocardium in a single shot of 80 J in
100 ms. Based on the successful initial results and ‘magic’ of transmyocardial laser
revascularization, PLC was followed by other companies. Each developed their own
laser systems and strategies to perform TMLR as discussed in more detail in the
following paragraphs.

4. TMR LASER TISSUE INTERACTION

4.1 Laser systems for TMLR

Although a high power (>400 W) CO; laser has proven to be effective to create a
channel in the myocardium, a similar result can be achieved with other laser systems.
The goal would be to create of a channel for 'reperfusion’ of typically 20 to 40 mm long
and ~1 mm diameter preferably on a beating heart within the ~100 ms duration during
the diastolic phase in one or multiple shots. In first instance, the channel should stay
open, which might be associated with minimal thermal damage. From the early research
by Mirosheini ', it was already shown that continuous wave lasers induced too much
thermal damage and that the channels occluded immediately. To minimize thermal
injury, pulsed lasers are the preferred choice. The lasers should have a ‘strong’
interaction with myocardial tissue and be able to ablate tissue efficiently in a short time.
The laser systems available that primarily meet these conditions are high power or
pulsed CO, lasers, the Holmium:YAG laser, the XeCl excimer laser and the
Erbium:YAG laser. Their characteristics are presented in table 1 together with some
other pulsed lasers of interest. The interaction of pulsed lasers is discussed in the next
part followed by detailed description of the lasers currently used for TMLR.

table 1: Characteristics of laser systems for TMR

laser system E))((ceigller Dye N:l;?;:lc Ho:YAG | Er:YAG pSI(s) ez d
wavelength [ nm ] 308 400-800 1064 2100 2940 10600
pulse domain [pus] 10.01-0.15] 1-10 ~300 ~300 ~300 10 - 2000

max pulse energy [ mJ ] 300 1000 1000 4000 1000 5000
max rep rate [ Hz | 200 10 10 - 40 10-40 10 - 40 1000
max power [ W] 10 10 100 80 20 100
penetration depth [ um | 40 250 1400 300 1 20
effect. pen. depth [ mm | 1 3 3 6 3 30
delivery device fiber fiber fiber fiber ?2';:; art.arm
absorbing component proteins .blOOd pigments water water water
water | pigments
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4.2 Pulsed laser-tissue interaction

Pulsed laser systems generate laser pulses with lengths in the range of sub milliseconds
down to picoseconds. In this short time, a considerable amount of energy is delivered to
the tissue, sufficient to increase the temperature far over 100 degrees centigrade. In such
a short time, the water contents in a tissue volume, determined by spot size and
penetration depth, is instantly turned into vapor. This vapor is created at high pressure
and starts expanding to a 1600-fold of its original liquid volume in tens to hundreds of
microseconds. This way explosive vapor bubbles are formed with a potentially large
mechanical force (figure 2).

figure 2: Sequence ofan expanding and imploding vapor bubble induced by a holmium
laser pulse in water. Theframes are 50 ps apart totally covering ~ 600 ps.

At a tissue surface in an air environment, the vapor will escape from the surface into the
air environment with some momentum towards the tissue. This might induce mechanical
damage in the tissue. If the vapor is formed inside a small channel deeper inside the
tissue, the vapor will push the wall of the channel aside and leave mechanical damage
behind while escaping to the surface (figure 3). After the laser pulse, the channel will
collapse to a diameter about the size of the original beam. If the energy is delivered by
an optical fiber, the fiber will block the way to the surface and the vapor will penetrate
deeper into the tissue, creating fissures in the tissue structure. While expanding, the
vapor will cool down and turn back into liquid releasing the latent heat of vaporization,
which is diffused to the environment.

Ifthe explosive vapor formation takes place in a water or blood environment (e.g., in the
left ventricle during a percutaneous approach), the pressure from the surrounding tissue
is equal to the liquid on top of the tissue surface. Consequently, the vapor bubble will
expand symmetrically in all directions. It will expand along the path of lowest
mechanical resistance creating fissures between tissue layers. Considerable mechanical
damage can be induced into the tissue far from the position ofthe irradiation. The typical
size of these vapor bubbles is in the range of I mm up to 10 mm depending on the
energy of the laser pulse. For lasers with a larger penetration depth in tissue, more
energy is needed in one laser pulse to exceed the vaporization threshold. However, at the
moment the threshold is reached, a large volume of tissue water is vaporized resulting in
a big vapor bubble and potentially more mechanical damage. The mechanical effects
inflicted on soft tissue by explosive vapor bubbles can be considered as collateral
damage. Vapor formation is, however, fundamental to the ablation mechanism of pulsed
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laser systems 18 The forceful explosions can be applied effectively to break hard tissues
like stones that are abnormal in the human body (lithotripsy).

a*
figure 3: High speed image sequence ofa deep channelformed during tissue
irradiation with a 300 psfocussed erbium laser beam.

During expansion, the vapor will cool down and eventually turn back into water
releasing its latent heat of vaporization. In contrast to vapor expanding in an air
environment, the vapor generated in liquid or tissue is still confined near the site of
irradiation and will heat the tissue in contact with the vapor. At a water/tissue interface
there will be a forceful turbulence providing effective cooling of the tissue surface.
Within tissue, the energy released after the collapse of the vapor bubble will heat up the
surrounding tissue (figure 4). This thermal energy is rapidly conducted to the
environment and, in less than one second, ambient temperatures are restored. If,
however, a next laser pulse follows within 0.5 seconds, the cooling process has not
ended and the temperature rise will result in further temperature increase. At higher
pulse repetition rates, there will be substantial heat conduction to the surrounding tissue
resulting in thermal damage (figure 4). Special imaging techniques can be applied to
study the thermal dynamical effects during tissue irradiation 19 as presented in figure 4.
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figure 4: left, vapor bubble in a water environment partly penetrating the surface ofa
transparent tissue model. Right, thermal image showing the thermal effects inside tissue
when vaporization energy is release, while the surface is cooled by turbulent water

4.3 Effective penetration depth

The definition of penetration depth (table 1, row 7) has to be reconsidered during tissue
ablation when the length of the laser pulse is in the microsecond region. Laser light,
which is highly absorbed by tissue, has a very shallow penetration depth. E.g., the C02
and erbium laser have a penetration depth in the order of micrometers. Based on this
information, a surgeon would consider these lasers not suitable to create deep channels.
However, the energy absorbed during the first microseconds of the laser pulse can be
sufficient to vaporize the top layer of the tissue creating a hole into the tissue. The beam
enters the hole continuing to vaporize the tissue at the bottom of the crater as long as the
pulse lasts. This way the beam can penetrate up to centimeters into the tissue. This
phenomenon is visualized in figure 3 using high speed photography during exposure of a
transparent tissue model with a focussed CO2 or Erbium laser beam. During a 300 ps
long pulse, a 15 mm long vapor channel is formed in the gel. For obvious reasons, this
phenomenon has been called 'the Moses effect' IS. Although this effect is perfectly for
TMLR, it is potentially hazardous for superficial ablation as applied in e.g. laparoscopic
procedures.

The 'effective’ penetration depth of lasers is a resultant of the volume of tissue that can
be ablated with the energy in one laser pulse. It can vary strongly depending on the fiber
diameter or the spot size at the tissue surface. For a small diameter fiber or spot, the
volume will expand into the depth penetrating deeper compared to a large spot.

Additionally, the expanding vapor can create fissures extending even deeper into the
tissue.

4.4 Shock waves

In literature there is confusion in terminology between acoustic effects, shock waves and
explosive vapor bubbles. At the very moment pulsed laser light is absorbed in the tissue,
the instant thermal expansion of the tissue can induces a stress wave in the medium
traveling near sonic velocities. In physics this phenomenon is called a shock wave. The
shock wave is perfectly spherical and dissipates within 1 ps. In the center of the
spherical shock wave, a kernel of vapor at very high pressure is formed and starts
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expanding at high velocity (figure 5, left). In many papers the explosive bubble itself is
incorrectly referred to as shock wave. Due to the sound associated with expansion and
implosion the bubble is also regarded as acoustic effect.

figure 5: Left: shock waves induced by cavitation bubbles, notice the kernel at the center of
each spherical wave. Right: shock wave induced at the implosion ofa holmium vapor bubble.

If the spherical shape of a vapor bubble is preserved during the implosion, the collision
at the center is such forceful that another stress wave is formed in the medium (liquid or
tissue, figure 5, right). This is again considered to be a ‘real’ shock wave. The damage
due to shock waves is controversial. There is no clear evidence that shock waves induce
damage. Ultrasonic respirators used for tumor resection in the brain generate shock
waves continuously at 20 kHz but adverse effects in the delicate brain tissue have never
been reported 20. The mechanical damage observed in the tissue exposed to pulsed lasers

must be ascribed to the explosive and imploding vapor.

4.5 CO? laser characteristics for TMLR

4.5.1 Laser delivery system

The wavelength of the CO?2 laser can not be transported through optical fibers. The beam
is transported through an articulated arm constructed from a set of hollow tubes with
reflecting surfaces such as mirrors positioned in the joints. Choosing the proper
materials, the reflectors can withstand the high peak powers. An articulated arm usually
consists of six to eight mirrors mounted on rotating holders to provide steering in any
direction. The holders are connected to each other by a set of rigid tubes. If properly
aligned, the beam will exit the arm at the same position and angle independent from the
position of the freely movable tubes. The alignment of the arm is very critical. In
principle, the original beam characteristics do not change during transportation through
an articulated arm. Only the beam diameter will increase depending on the beam
divergence and length of the articulated arm. So the beam coming out of the articulated
arm has a diameter of several millimeters and usually has a Gaussian distribution.

To obtain ablation effects in tissue and to have precision and control, an optical system
is present at the end of the articulated arm to focus the beam at the target tissue. The
optical components must be compatible with the wavelength of the beam. In case of the
CO02 laser lenses of fluorozirconate glass are used. The focal length of the lens is chosen
depending on the distance and desired spot size on the target tissue. Due to the Gaussian
energy distribution in the spot, the tissue is most efficiently vaporized in the center of the
beam. At the rim of the spot more thermal damage can be observed. For application, the
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focussing optics is incorporated in hand pieces with spacers to ensure the beam is
focussed at the surface with the desired spot size. Instead of focussing, a telescopic
system can be used to obtain a parallel beam with a small diameter, e.g., I mm. The spot
size on the tissue is now independent of the distance between the hand piece and the
tissue.

4.5.2 Fiber deliveryfor CO?

Recently, fibers have become available for the delivery of high power CO2 laser
pulses2l. The fibers with diameters of 500 to 1000 pm consist of hollow silica tubes with
a special reflection coating on the inner wall. It has been demonstrated that several
Joules of energy can be transported ““. However, some problems have to be solved
before the system can be applied clinically. E.g. the end of the hollow fiber is open so it
can not be used in a wet environment like blood or tissue.

4.5.3 Pulsed CO? laser-tissue interaction

The formation of the channel in the myocardium by a high power CO2 laser is similar to
the sequence in figure 3. A rapidly growing vapor channel is formed during the laser
pulse of several milliseconds. The vapor pressures creates an opening of a few
millimeter in the tissue enabling the beam to reach deeper layers (figure 6,left) until the
left ventricle chamber is reached and blood is vaporized. Ifthe laser pulse is continuing
at the moment of penetration of the left ventricle, the channel is prolonged in the blood.
Eventually, the beam could hit the other wall. The lateral expanding vapor can induce
small tears along the wall of the myocardium. Most of the vapor and ablation products
escape through the surface of the epicardium. However, when the vapor condenses after
the laser pulse, the channel collapses to the diameter of the original laser beam (figure
6,middle) and gas formed by ablation products mixes with the blood in the left ventricle.
These bubbles can be observed using ultrasound. During the laser pulse, the wall of the
channel is heated by direct absorption of laser beam and by heat transfer from the
superheated water vapor (figure 6,right). After the laser pulse, part of the condensation
heat finds its way into the channel wall. The total thermal effect can be substantial,
resulting in a zone of coagulation and necrosis along the channel wall.

fix
figure 6: CO2 laser-tissue interaction, left: expanded channel during ablation,

middle: collapsed channel with small cracks alongside,
right: thermal effects along channel wall directly after the laser pulse.
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4.6 Holmium:YAG laser characteristics for TMLR

4.6.1 Delivery system

The laser pulses from the Holmium:YAG laser can easily be coupled into an optical
fiber with a diameter as small as 300 pm. To reduce transmission losses, the fibers have
to be from a special grade with a minimum of water impurities: low OH' fibers. The
fibers are very flexible and can be advanced through catheter based systems for a
percutaneous approach. To obtain a relative large diameter channel, the fiber end is
modified to enlarge the spot size resulting in a tip of about 1 millimeter. During a series
of laser pulses, the tip is advanced into the ablation channel.

4.6.2 Tissue interaction

Comparable with the CO? laser, a channel is formed during a laser pulse penetrating into
the tissue. Much more energy is needed to initiate tissue vaporization due to the lower
absorption of the holmium laser light. This results in a larger volume of tissue that is
transformed into vapor and consequently a larger vapor bubble. This vapor bubble can
only partly escape to the tissue surface due to the presence of the fiber tip and expands
into the tissue creating an opening in front ofthe fiber (figure 7, left). This way the beam
is able to ablate deeper tissue layers until the end ofthe laser pulse at about 300 ps. Due
to pressure and momentum, the vapor bubble will expand further creating fissures and
cracks along the channel wall. These defects may extend up to several millimeters into
the tissue structure (figure 7, middle). Consequently, the vapor bubble will collapse
releasing the latent heat of vaporization along the surface of the channel. The thermal
energy is diffused and conducted into the tissue. Since the energy contents of one laser
pulse is relatively large, the residual heat is substantial (figure 7, right). The vapor was
not able to escape to the surface so all the energy remains in the tissue, resulting in a
relatively large volume of coagulated tissue. After each pulse the fiber tip can be
advanced several millimeters through the channel formed in the myocardium. The
process is repeated each additional pulse. However, when penetrating deeper into the
tissue, the escape route of vapor to the surface it totally blocked. If consequent pulses
follow within 0.5 seconds, the thermal energy temperature will built up resulting in even
more thermal damage.

VvSL/.

>\t*

figure 7: Holmium laser-tissue interaction. Left: bubble during ablation in transparent
tissue model, middle: collapsed channel with large cracks alongside, right: extensive
thermal effects along channel wall during tissue penetration withfiber
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4.7 XeCl Excimer laser characteristics for TMLR

4.7.1 Delivery system

The excimer laser is also fiber delivered. The coupling of the energy into the fiber is
more complicated. Due to the very short pulse time of tens of nanoseconds, the power
densities of the focussed beam at the fiber entrance easily exceed the damage threshold
of the fiber material and will damage the fiber. Therefor the pulse length has to be
stretched to 100 ns and the energy has to be coupled to a large diameter fiber (> 600 pm)
or be a divided over a bundle of smaller fibers. The transmission of UV wavelength of
the excimer laser also requires very high purity of the fiber core material (fused-silica).
The transmission will drop during intensive use of the fiber. Catheter systems with
flexible fiber bundles enable a percutaneous approach similar to excimer based laser
angioplasty catheters.

4.7.2 Tissue interaction

The UV light from the excimer laser is effectively absorbed by the tissue proteins.
Tissue ablation of excimer lasers is ascribed to the breaking of the molecular bounds of
tissue. Although this mechanism might be appropriate for the 193 nm ArF excimer laser
as used in cornea shaping, the ablation mechanism ofthe 308 nm XeCl excimer has to be
considered thermal. The energy absorbed by the cell membranes and compounds, is
effectively transferred into thermal energy that heats the cellular water. Similar to the
other lasers, water vapor is formed instantly at high pressure. Due to the short
penetration depth, a relatively small amount of energy is necessary to exceed ablation
threshold. Pulses of tens of mJ create vapor bubbles twice the size of the laser catheter
(figure 8,left). The laser pulse has already ended during the 100 ps expansion time of the
vapor bubble followed by a similar time for the collapse. During expansion and
implosion the bubble is almost spherical. After each pulse only about I millimeter tissue
is vaporized. The vapor creates small fissures in the channel wall but most of the
surrounding tissue is pliable for the deformation by the bubble (figure 8,middle). Due to
the small energy contents of the pulse, the residual latent heat of vaporization only
affects the tissue in direct contact with the ablation channel. To create a long channel in
a short time, the fiber is advanced with little force into the tissue with a high pulse
frequency, typically 20 to 40 Hz. At this pulse frequency, there is some heat
accumulation and conduction to the surrounding tissue (figure 8,right).

Wp

figure 8: Excimer laser-tissue interaction. Left: bubble during ablation in
transparent tissue model middle: collapsed channel with smallfissures alongside,
right: thermal effects along channel wall during tissue penetration with fiber
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4.8 Other laser systems

The lasers described above are the systems available and attractive to perform TMLR
due to the stage of technical development of the laser system itself and the energy
delivery system. On a scientific basis, also erbium and pulsed dye lasers are candidates
as well.

The erbium laser has a similar interaction with the myocardium as the CO; laser with the
advantage that erbium fiber delivery systems are available, although not fully developed.
The pulse energy is, however, lower compared to the CO, laser so one would need more
than one pulse if applied without fiber delivery system. In combination with a fiber
delivery system, the interaction of the erbium laser can be compared with the excimer
laser. The fiber delivery system is fragile, expensive and less practical compared to
systems for the excimer laser. With the development of erbium laser systems in the near
future, higher pulse energies and repetition rates could be achieved. With a more
practical fiber delivery system, the erbium laser would have advantages over the other
laser systems as to practical size and presumably lower cost.

The interaction of the pulsed dye laser with myocardial tissue is comparable with the
holmium laser. However, dye lasers are less attractive for their complex technology and
higher exploitation costs.

4.9 Comparison laser systems

The interaction of different laser systems with myocardium can be compared at various
criteria.

4.9.1 Efficiency of channel formation

It can be of practical use to know how efficient a laser system can drill a hole in the
myocardium in relation to speed and energy used. For this purpose the author and co-
workers conducted an experiment measuring fiber penetration using the holmium and
excimer laser in relation to exerted force during exposure of bovine myocardium ». For
fiber penetration speeds up to 5 mm/pulse were observed. However, the highest
penetration speed and penetration per pulse was obtained with a focussed beam of a
pulsed CO; laser (up to 30 mm/pulse). The excimer laser showed to be more efficient in
penetration per unit of energy resulting in less thermal side effects as compared to
holmium and CO,. The results are summarized in figure 9 presenting the penetration
efficiency of the laser systems. Only the CO, laser is capable of creating the channel in
one pulse. The holmium laser uses typically 10-20 pulses while the excimer uses 40-60
pulses to achieve a 30 mm transmural hole. Depending on the pulse repetition rate and
optional ECG synchronization is takes 5 — 10 seconds to make the channel.

table 2: quantitative data from literature *® of TMLR channels created with
either 1 mm CQO; beam or delivered through a by 600 ym fiber

CcOo, Ho:YAG XeCl excimer
Channel diameter [mm] 1.0 0.6 0.6
Unilateral damage [mm] 0.5+0.2 1.8+0.7 0.7+02
Volumetric damage [cm’] 1.5£1.0 8.5+5.3 1.9+0.7
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ID Ho 350 mJ
a 1 ID Ho 750 mJ

N Exc 20 Hz
ir|]-| S3 Exc 40 Hz
N SC021 mm
M

B C02 0.5 mm

N, 4 Mm

pen/p [0.1*mm] pen/s [4*mm] pen/J [mm]

figure 9: Comparison ofthe penetration efficiency oflaser systems typically usedfor TMLR.
Laser settingsfor Holmium: 350 mJand 750 mJat 3 Hz, 1 mmfiber tip.
Laser settingsfor Excimer: 30 mJat 20 and 40 Hz, 1 mmfiber tip.
Laser settingsfor C0?2 : 350 mJfocussed to 0.5 and 1.0 mm spot at 3 Hz.
4.9.2 Channel characteristics
Several studies have been published describing the properties of the channels created
with common laser szystems for TMLR in vitro and, in vivo acutely and with a foIIow-uP
to several months ", The findings are summarized below.

Excimer CO02? Holmium

figure 10: generalfeatures ofthe channels created with three laser modalities
showing the extent ofthermal damage and mechanicalfissures in the wall.

The general features of the laser channels are depicted in figure 10 and figure 11. There
is always a rim of thermal damage and fissures along the channel wall. During
penetration of the fiber into the myocardium randomly during the heart cycle, a channel
is formed through the various moving muscle layers. Therefor the channel is not
expected to be straight and will be closed most of the time during the cycle of the
heartbeat. The channel is expected to be straighter when the fiber is advanced
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synchronized with the heartbeat. The channel created with one shot of the CO2 laser is
expected to be straight and open 25 during the diastolic phase (figure 11).

multi shot one shot

fiber . beam
©O5rm
«m&s figure 1L .
schematic comparison between channel
created withfiber delivery and channel
Sslisfi created in one shot by afocussed heam.

The extent of coagulated and necrotic tissue along the channel wall and the size of
fissures into the wall differ with the laser system and laser settings, table 2 shows the
degree determined from histologic examination as published by Kadipasaolu et al. ~8
This data shows, in contrast with the conclusion of the authors themselves, that there is
only a significant difference in tissue damage between the C02 and the holmium laser.
The tissue injury by the excimer laser is similar to the CO2 laser. However, the relatively

lesser thermal damage is counteracted by the larger mechanical® damage. This
observation is consistent with the results of other published data2’ 24 25 26 -7

5. TREATMENT STRATEGIES

5.1 Open chest approach

The straightforward approach is applying laser energy to the heart during an open chest
procedure. The patient is connected to a heart-long machine and the heart is arrested
during the procedure. The laser energy is delivered by a hand piece, which is positioned
on the epicardium of a hybemating location of the left ventricle (figure 12). The hand
piece either contains optics to focus the C0O2 beam on the surface or an optical fiber,
which is advanced into the myocardium during pulsing ofthe laser. During arrest the left
ventricle can only be partly filled with blood so the surgeon has to be careful not to
damage structures the moment he perforates the wall entering the left ventricle. At
locations that have been identified as reversible ischemic areas, on average a one-
millimeter diameter transmural channel is created per square centimeter.

TMLR can also be performed on a beating heart. By applying some pressure, the hand
piece is positioned on the epicardium and lightly moved along with the heart motion. For
the CO2 laser only one shot is sufficient to create a hole within 20 to 40 ms. The laser
pulse is triggered on the R-wave of the ECG so the pulse is fired during the diastolic
phase. During this time, the left ventricle is totally filled with blood and the wall is
temporally motionless and insensible for stimulation.
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The fiber-delivered devices are used either with or without triggering. Without
triggering, arrhythmia can occur due to mechanical stimulation by the explosive
bubbles28. Normally, the arrhythmia disappear immediately after the laser exposure. The
ventricular arrhythmias can be suppressed by applying lidocaine on the epicardium.
When the fiber is advanced during laser activation synchronized with the heart beat, the
arrhythmia are minimized 29. A short train of 6 pulses within 100 ms was given shortly
after the R-wave preventing stimulation of the heart. Most transmural channels were
achieved within 8 heart cycles without causing arrhythmia.

figure 12: Schematic view ofchannelformation with the Heart laser handpiece (source PLC)

Due to the presence of the fiber in the myocardium arrhythmia might still occur. The
transmural channels will bleed for one to two minutes and can easily be controlled by
digital compression before a coagulum closes the channel at the epicardial side. In the
rare cases the channel keeps bleeding an epicardial sutured is placed to seal the channel.
On average 30 to 40 channels are created.

During most procedures transesophageal echocardiography is used to evaluate the
channel formation and to confirm the transmural penetration ofthe laser. At the moment,
the beam enters the left ventricle the vapor bubbles are clearly visible on the echograph.
The echograph also helps to rule out accidental mitral valve injury. For the fiber
delivered procedures, echocardiography is not essential. The tactile feedback from the
fiber and change in the pitch of the acoustic signal of the ablating laser pulse clearly
verify the entering of the ventricular chamber. A doppler probe can be employed on the

carotid artery in the neck to watch gas bubbles going to the brain. The small bubbles are
assumed be harmless 30.

The procedure might be improved by locally immobilizing the position were the hole is
drilled using one of the fixation techniques that are commercially available nowadays.
One of those systems is the ‘Octopus’ which was developed at the University Hospital
Utrecht, The Netherlands 31. Two small arms with a row of suction cups enable
immobilization of the epicardium at locations that might be difficult to approach
otherwise. In vivo experiments showed that the surgeon has a better control advancing
the fiber into the myocardium during lasing 29. One might even consider an applicator
that advances the fiber with a constant force or speed.
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figure 13:
Fiber penetration into the myocardium
at a position immobilized using the
‘Octopus 'during an in vivo experiment
P in a pig.

5.2 Open chest in combination with bypass procedure

Although the indication for performing a TMR procedure is treating patients without
other treatment options, it can be combined with bypass surgery (CABG). If some
regions of the hybemating myocardium still have arteries with a suitable anastomosis
site, bypassing is the preferred method of treatment. However, if other regions can not be
bypassed, TMLR is performed in that region. Only during the open chest procedure, the
surgeon can make the final decision if he will perform bypass surgery, TMLR or a
combined therapy 31. To prove the safety of TMLR, the first clinical studies investigated
its use in combination with CABG in areas of the myocardium that could not be
surgically revascularized. The combined procedure makes the evaluation of the efficacy
of the TMLR procedure difficult since it is not clear how the TMLR contributed to the
improvement of the patient33. Potentially, scintigraphic studies can show an improved
perfusion in the CABG area as well as the TMLR areas. Only randomized trails
including thousands of patients in various treatment groups, may prove a significant
difference between the treatment modalities. However, surgeons performing either
CABG or TMLR procedures feel they should not withhold the patient the most
appropriate treatment due to the randomization in a study. In one of the first large
randomized trials there was a crossover of 60 % to TMLR treatment group from the
group originally selected for medication management34. The condition of these patients
worsened that far compared to the TMLR group that the investigators found it not ethical
to deny them the TMLR treatment. Due to the large crossover in this study, the FDA
refused the first request for approval of TMLR.

5.3 Minimal invasive opening

The heart can be approached from the left side of the patient by a left anterolateral
thoracotomy and entering through the fourth, fifth or sixth intercostal space (figure
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14 left). The pericardium is opened and elongated hand pieces are positioned on the
target areas on the epicardium. This approach is common for most Heart laser CO?2
procedures 35. The laser beam comes in parallel to the epicardial surface and is directed
sideward just above the target side by a mirror in the hand piece. In case of a fiber
delivery the fiber is steered through a ninety degree curve at the end of the hand piece
(figure 14 right).
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figure 14: Left: approach ofthe heartfor a TMLR procedure through a left anterolateral
thoracotomy. Right: fiber delivery hand piecefor the holmium laser (source Eclipse).

5.4 Thoracoscopic procedure

The TMLR procedure can be performed using thoracoscopy. Using two or three holes
between the ribs, video guidance is used to position the tube for delivering the laser

energy on the epicardium. This method can be applied for both fiber delivered and
focussed laser beams 36 37. For the fiber delivered laser pulses, it is helpful to immobilize

the target location using, e.g., the octopus technique. The arms can be entered through
different slots in the chest. This method has successfully been applied in animal studies
29. The thoracoscopic approach is normally not used in patients who have had cardiac

surgery before due to adhesions.

5.5 Percutaneous procedure

Percutaneous myocardial revascularization PMR is a
totally different approach by creating the channels from
the inside of the ventricle. Using the ‘standard’
catheterization techniques, fibers can be positioned
perpendicular to the ventricular wall. The fiber is
positioned using fluoroscopy or electrophysiology
mapping techniques like the biosense system 38 for the
location of the hybemating myocardium. During laser
exposure, the fiber tip is advanced up 6 - 8 mm into the
myocardium.

figure 15: Artists impression of PMR with a holmium
delivery device (source Eclipse).
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This approach has been fully developed for the holmium laser. After animal studies 3940

percutaneous transmyocardial laser revascularization (PMLR) has already successfully
been applied in patients *"**. It is expected that an excimer laser system will follow soon.

Although in first instance the CO, light can not be delivered through fibers, new fiber
technologies may be available in the near future. It has already been shown that high
energy CO, laser pulses can be delivered thoracoscopically through hollow wave
guides?' ©.

6. TMLR COMPANIES

Since PLC started the marketing of the TMR technology using lasers, several laser
companies have followed with their own laser system. PL.C is however far ahead of the
competitors as to numbers of patients treated and they were the first of the two
companies until October 1999, which have FDA approval. In table 3 an overview is
presented of companies on the market with the TMR technology they are developing or
marketing. Most ‘laser’ companies have strategic alliances with big companies in the
cardiovascular or cardiac surgery field for their superior marketing organization. When
the technology of a small start-up company gets interesting, one of the leading
companies in the field will take a major interest in that company. This market is rather
dynamic so the data presented in table 3 (updated Sept *99) could already have changed.

table 3: overview companies marketing TMR laser technology

Company Laser Type Corporate Partner (e,:t?;:. Zreepatt‘e;l”
Acculase XeCl excimer Baxter >20
CardioDyne (Trimedyne) Ho:YAG
CardioGenesis Ho:YAG Boston Scientific > 500 (50 PMR)
CircuLase Pulsed CO,

Eclipse Surgical Ho:YAG Sorin Biomedica > 500 (50 PMR)
Medolas XeCl excimer AutoSuture > 500
Optimedic CO,

PLC Systems CO, > 5000
Spectranetics XeCl excimer U.S. Surgical

Cardiogenesis was probably the second company actively working on the TMR
technology using the Holmium:YAG laser. Eclipse Surgical Technologies also
developed a Holmium:YAG laser based TMLR system and is the second company with
FDA approval. Both holmium companies have also developed a percutaneous approach
for TMLR. CardioDyne is a subdivision from Trimedyne which has been selling
Holmium:YAG lasers for many years in the field of angioplasty and orthopedic surgery.
Spectranetics and Medolas are already on the market for many years with their excimer
systems for laser angioplasty. Spectranetics has also developed a successful procedure
for the removal of pacemaker leads. For all companies the approval of their TMLR
technology by the FDA is the major obstacle. Now that TMLR using the Heart laser has
obtained approval, PLC has cleared the way for the other companies. However, the FDA
has not approved the use of TMLR in conjunction with angioplasty or bypass grafting.
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7. CLINICAL DATA

7.1 Indications, inclusions and protocols

Transmyocardial revascularization has originally been developed as the last option of
treatment for patients with angina class III or IV who do not benefit from the highest
dose of the standard medication. Further, the ischemic and hibernating areas of the
myocardium are not suitable for bypass surgery. Other indications that might be
considered for treatment are vasculopathies after heart transplantation and
cardiomyopathies related to microangiopathy **.

For most studies the following guidelines are used for considering a patient for TMLR
treatment

e Disabling angina pectoris Class III or IV (Canadian Cardiovascular Society Angina
Score: CCSAS)
In first instance not suitable for conventional bypass surgery or PTCA.
In combination with bypass surgery when some hybernating areas are not suitable
for grafting

e Angina persisting on maximal tolerated doses of two different cardiac medications
(nitrates, B-blockers,calcium-channel blockers, and trimetazidine).
Evidence of viable ischemic myocardium (e.g. DTST).

e Evidence of adequate perfusion in one the regions supplied by one of the major
coronary arteries from recent coronary angiogram.

e Reproduceble Exercise Tolerance Test by modified Bruce protocol resulting in

angina.

No recent hospitalization due to acute ischemic syndrome (< 1 month).

No recent interventions or myocardial infarction (< 3 months).

No cardiac transplant recipient

Ejection fraction of 30 percent or greater.

No congestive heart failure or severe chronic obstructive pulmonary disease

7.2 Pre- and post operative evaluation

Various studies are going on with slightly different protocols depending of the goal. To
obtain quantitative data before the procedure and for the follow-up after the procedure
most studies include the following examinations

7.2.1 Myocardial perfusion

Coronary arteriography can be applied to visualize the anatomy of coronary arteries
down to a diameter of about 1-mm. This technique, however, does not provide
quantitative data on the regional perfusion of the myocardium.

Myocardial scintigraphy, however, provides information on the myocardial perfusion on
a cellular level. Different techniques are applied with various radioactive tracers. Each
tracer shows a specific part of the metabolism during uptake in the cell. This way
information can be obtained on the ‘health’ of a cell. The resolution of the imaging
techniques showing the distribution of the tracers in the myocardium is in the order of
cm’.

Single-positron emission computer tomography (SPECT) is performed in most patients
to assess the extent and reversibility of the myocardial ischemia using dipyridamole
stress thallium-201. Dipyridamole and thallium are injected at stages before, during and
after stress exercise. SPECT imaging at those stages show the distribution of these
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agents in the myocardium revealing the locations that are normal, have a reversible or a
permanent perfusion defect **.

Positron Emission Tomography (PET) is used to demonstrate ‘hibernating myocardium’:
lack of perfusion with still existing metabolism present. Rest-stress myocardial perfusion
can be studied using "*N-ammonia or *™Tc-MIBI as agent while for resting glucose
metabolism '*F-deoxyglucose is used.

7.2.2 Motion and function of the myocardium

X-ray cardiocinematography is applied to study the dynamics of the ventricular cavities.
The contours of the cavities are projected in two perpendicular planes during the heart
cycle. It is difficult to obtain accurate volumetric data from this imaging technique. The
techniques can only be applied while the patient is at rest stage.

Echocardiography is applied to visualize regional wall motion and quantify the left
ventricular ejection fraction (LVEF). This method can be applied during physical and
pharmacological stress (e.g. dobutamine). It might even be possible to visualize the
created TMR channels using 2-D echocardiography .

Scintigraphy can also be applied for visualization of intracardiac radio-activated blood
reflecting the inner ventricle contour (GBP = gated blood pool). The images are acquired
gated on the ECG to obtain contours at the various stages of the heart cycle (multiple
gated scintigraphic angiography: MUGA). This provides quantitative data of regional
and overall filing of the ventricular camber.

One of the latest developments in scintigraphy is ECG gated SPECT and PET
registration. From the acquired data, a computer animation of the beating heart is
reconstructed showing the correlation between the regional perfusion/metabolism and
regional wall motion. It is possible to determine regional amplitudes of wall and regional
ejection fractions.

The validity of MRI and CT imaging of the myocardial wall dynamics are under
investigation. After TMLR myocardial signal alteration and perfusion differences have
been observed. Using T,-weighted ECG-gated spin echo sequences the myocardium was
studied before and after injection of gadolinium. The clinical value of the change
observed need to be defined. Visualization of individual channels was not possible *.

7.2.3 Exercise tolerance

Depending on the pre-operative condition of the patient, a treadmill tolerance test is
conducted according to specific protocols (e.g. Bruce protocol*’ ). During testing, the
exercise intensity is increased every 3 minutes until symptoms occurred. Maximum
exercise time and symptoms at stopping are recorded. The maximum distance covered
during a 12-min walk also provides information on the condition of the patient.

7.2.4 Patient perception

Qualitative data are obtained from protocolled interviews to assess the quality of life e.g.
Short Form-36 or the Seattle Angina Questionnaire (SAQ). The angina class is
determined according the Canadian Cardiovascular Society Angina Score: CCSAS.

7.2.5 Addition post operative evalution

Most clinical studies report on short term mortality (peri-operative or 1 — 7 days) and
long term death rate (6 months to total length of follow-up) as well as morbidity.
Hospital admission for angina and use of medication is also recorded during follow-up.

Proc. of SPIE Vol. 10297 102970B-20



Matching the Energy Source to the Clinical Need / 119

7.3 Clinical results

7.3.1 Overall summary

The clinical results of major, recent and interesting studies published are summarized in
table 4. The estimated number of patients treated worldwide with TMLR is near 7000. In
table 3 the estimated numbers per laser modality are presented.

Most striking is the improvement of two angina classes in 70 to 80% of the patients.
There is an instant improvement directly after the procedure and it persists over a year.
Some studies report a slight improvement (10-20 %) of the LVE and perfusion. The
short-term mortality was in the initial studies 10 - 15 %. More recent studies show lower
mortality percentages below 5% due to more appropriate patient selection *®. The
mortality of 1 year follow-up is an additional 10 %. The average hospital stay is 5 to 10
days. Compared to medical treated groups there is no change in life expectancy, however
the quality of life is greatly improved. Number of hospitalization due to angina related
complaints dropped from 5 to | in the period of six months before and after the
procedure. Exercise tolerance improved about 40 % for TMLR patients while it
decreased 15 % for patients in medication therapy . The angina relief increases during
the first year and seems to decrease gradually afterwards as reported by some studies *

7.4 Complications

7.4.1 Mortality

The perioperative deaths are mostly due to acute myocardial infarctions and pulmonary
problems. March et al. ** found a relation between the time interval from an episode of
unstable angina and perioperative deaths. If angina occured within 7 day before TMLR,
the perioperative mortality was 27%. Using aggressive medication the stabilization
necessary for the TMLR procedure could be achieved. In this same study the crossover
group from medication to TMLR had a 15% perioperative mortality rate and survival of
73% at one year. The crossover group was a notable 60%. The perioperative mortality
decreased significantly due to the learning curve and patient selection. Most studies
report that early deaths during the hospital stay and late deaths were related to sudden
arrthythmia and pump failure due to myocardial infarctions. Indicators for late death
showed to be age and LVEF.

7.4.2 Morbidity

The most common postoperative complications are summarized below with an estimated
percentage for occurrence based on the studies presented in table 4 : congestive heart
(left-ventricular) failure ~15 %; arrhythmias *** ~20 %; myocardial infarction directly
after TMR ~ 7 %; bleeding ~15 %; wound or respiration infection ~ 30 %. Other adverse
effects reported are respiration failure, pneumo thorax and embolizations 6, Injury to
chordae or valves caused by the CO, beam were rarely reported and did not have major
consequences >*.

From the experience in the first studies and a larger group of patients treated risk factors
could be determined: previous CABG, gender female, age > 55, creatine kinase > 1600
U, absence intercoronary collaterals, pulmonary arterial pressure > 21 mm Hg, LVEF <
40% and occurrence of unstable angina within 15 days before procedure. Most of them
are similar to the risk factors related to coronary bypass surgery *. Depending on the
treatment inclusions, which may differ between studies, patients with higher risk factors
can be rejected for TMLR. However, these are also the patients who need the procedure
most.
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table 4: Summary clinical results of published studies.
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initial studies
Frazier 95| 50 | CO, | 21 | yes 7 110 jyes| 20%
Horvath 93(95| 51 | CO, | 20 | yes 10 | 15 improv
sole TMLR
Krabatsch 94197| 48 | CO, | 171 | yes 7 no no
Horvath 97| 35 | CO, (200 75% 9 8 improv decr
Agarwal 95197| 52 | CO, {102 | yes |yes| 15 no no 9
Nagele 951971 49 | CO, | 60 | yes 12 | 11 worse
Burns 98| 53 | CO, [967 | 34% | yes [ 10
Milano 95196| 54 {Holm | 22 | yes |yes| O 8 no 7
Allen 97| 55 | Holm | 42 | yes 121 0 yes 6
Al-Sheikh 98( 56 | Holm | 8 |100% 0 yes
comb CABG/TMLR
Moosdorf 97| 57 | CO, [134| yes 40%
Vincent 941971 33 | CO, | 268 yes |yes| 10
Trehan 95197 58 { CO, | 77 | yes |yes| 2 0 yes
Lutter 97| 59 | CO, | 67 | yes |yes| 13 no no
Morgan 95197] 60 | Exc | 30 |>80% 0 0 yes
Diegeler 97| 61 |Holm | 28 | yes |yes| O 2 | no no 8
comparison TMLR versus medication
Schofield 931971 62 | CO, | 94 | 25% [ no | 5 6 | no no 10 | 0.5
Schofield 93197| 62 {medic| 94 | 4% | no |na.| 4 | no no 0.8
March 9834 | CO, | 97 | T2% 3112 20%
March 98| 34 |medic| 101 | 13% na. | 21 ~27%
Frazier 98] 63 | CO, | 91 | 2% |yes| 3 | 12 20% 2
Frazier 98| 63 |medic| 101 | 13% n.a. | 21 -27% 69
Jones 96197 64 | Holm| 43 | yes |yes| 2 | 10 32
Jones 96|97 64 {medic| 43 | yes | no |na.| 12
Allen 981 65 |Holm | 132 | 76% | yes | 9 7 no
Allen 98] 65 |medic| 143 | 32% 11
Burkhoff 98 66 | Holm | 92 | 48% | yes
Burkhoff 98| 66 |medic| 90 | 14% }decr
percutaneous (PMR)
Galli 98198( 42 | Holm| 15 | yes 0 0
Kaul 981981 67 | Holm | 55 | yes 0 0
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7.5 Controversial results

TMLR has been controversial from the beginning because up till now there is no proven
anatomical, physiological, histological, diagnostic, and clinical rationale for the efficacy
of the treatment '°. In general the various clinical studies can only show significant
improvement of qualitative data while only few studies present significant improvement
of quantitative data >**> which is contradicted by other studies.

The randomized trials reported by the ‘first-generation’ investigators are in general
enthusiastic and positive ****. However, these studies could be biased by the earlier
results from prospective non-controlled trails and the close corporation and support by
the manufacturers ™. The sceptical conclusions from more recent trails *>%2 dispute the
benefit of the procedure which according to investigators only has a temporarily relief
for the patient at the cost of a high mortality and morbidity rate. Other studies, however,
show clearly that with the appropriate patient selection the mortality of the TMLR group
is similar or less compared to medication management groups while the condition of the
later gets worse. It is unquestionably that the quality of life greatly improves for the
TMLR patients. At this moment, it is too early to determine for how long these effects
last. The sceptical paper by Schofield et al. ®* and the associated commentary '
provoked an interesting discussion in the Lancet with the ‘positive’ investigators
TLIBILT defending their results and pointing out misinterpretation of data and
difference in patient selection. There also exists discussion on the treatment strategy
either treating the reversible areas identified by nuclear studies or treating the entire
ventricle . All discussants conclude that more clinical and experimental studies are
necessary and hasty judgements should be avoided.

If coronary bypass surgery and coronary angioplasty would have been approached with
the same skepticism as is happening with TMLR, the acceptance of both these
procedures would have been doubtful. Both revascularization techniques do not
significantly prolong the life expectancy but greatly improve the quality of life. The
symptom relief can, however, also be achieved by medication therapy 7°.

It has also been implied that improvements can be obtained by fine adjustments of the
medical therapy. In one study, the patients already selected for TMLR, were reevaluated
after an intensified antianginal therapy *°. In most cases the therapeutic modification was
an addition of molsidomin to nitrates. About 50% of the patients had a good clinical
response to the medication and were therefore treated further medically.

8. HYPOTHESIS WORKING MECHANISM OF TMLR

8.1 Direct perfusion

As discussed is the pathology section, the original hypothesis that the oxygen rich blood
from the left ventricular chamber would allow direct myocardial perfusion through the
newly formed channels similar to a reptilian heart is improbable ’. Results from studies
using labeled microspheres were negative "*”°. In another independent study it was
shown that the TMR channels failed to preserve viability of even a single layer of
myocytes around the patent channels in an infarction inflicted area *°. There is also no
evidence to support the notion that TMR channels could allow intraventricular blood to
reach the myocardium by connecting with intramyocardial sinusoids. Furthermore, the
existence of myocardial sinusoids has become controversial®'. Klaus et al. obtained a
remarkable result studying the dynamics of flow through TMLR channels in patients 15
day after the procedure using contrast echocardiography *2. The channels were perfused
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during systole and the small area of myocardium showed contrast during the next heart
cycles till the material was washed away through the coronary venous system.

Experimental studies and data obtained from postmortem examinations vl show

that several weeks after the TMR almost all channels are occluded independent of the
laser source used. Only UV lasers seem to have a higher incidence of patent channels 21.

BBSIMHI
figure 16:
patent TMLR channels with connections
into the myocardium (source PLC)
mSmm

In some animal studies, it was shown that the myocardium could be protected against
functional deterioration after acute ischemic events 8S. This result is opposite to the

finding in other animal studies showing no protection at all 899°. Nevertheless, it could
reduce ischemia-related arrhythmia and increase coronary flow transiently 91.

The reason for the reduction in angina directly after the procedure must be found in one
of the other hypotheses.

8.2 Angiogenesis

The improvement of the angina class and exercise tolerance of TMLR treated patients
could be a secondary effect of neovascularization through angiogenesis 9293 The
myocardial injury inflicted by the laser during the channel formation could promote the
upregulation of local growth factors resulting in the migration of endothelial cells to the
laser-treated segment. As discussed in the previous paragraph most channel thrombose
within a few days after treatment. The channel remnants after several weeks, however,
show the presence of endothelial cells and prominent neovascular response in the
surrounding tissues 949596,97,98. Somehow laser light is essential to provoke this tissue
response. Several studies have shown that only the laser created channels resulted in
channel derivatives in association with neovascular response. In channels where the fiber
was passed through the myocardium without activation of the laser this response was
lacking 96,99. A recent study, however, reports increased angiogenic factor expression and
concomitant neovascularization at up to 4 weeks in channels created with an 18-gauge
needle 100-101 which would be similar to laser created channels.

The relation of the neovascular response to the magnitude of thermal and mechanical
damage induced by the different laser systems is unclear. As described in the laser-tissue
interaction section, there is an essential difference in thermal and mechanical effects of
each laser type. Animal and clinical studies, however, show similar clinical results. It

was shown, however, that too much thermal damage as induced by low power
continuous wave lasers was ineffective 4.
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Angiogenesis is induced by growth factors that belong to the class of mediators referred
to as angiogens. Two important groups of angiogens that play a major role in the
neovascularization process are the vascular endothelial growth factor (VEGF) and the
fibroblast growth factor (FGF). The role of these growth factors in the
neovascularization process is described in more detail by Lee et al. 92. The angiogens
stimulate budding and growth of small vessels from preexistent blood vessels and
increase the lumen of preexistent vessels by endothelial and smooth muscle cell
proliferation. Even new blood vessels may be formed by vasculogenesis which was until
recently believed only to be confined to the embryo phase 102

It has been proven that the delivery of this growth factors in ischemic regions of the
heart stimulate the growth of collateral blood vessels 92 The presence of higher
concentration of growth factors in laser created TMR channels has been proven 93 103. In
various animal studies the effect of angiogeneses in TMLR-treated areas of hybemating
myocardium was shown 77-104-105 106 107 The evidence presented strongly indicates that
angiogenesis has a major role in the mechanism of action of TMLR.

It is apparent that TMLR could be combined with therapeutic angiogenesis to provide a
synergistic effect. On one hand, the gene therapy could be useful in augmenting the
angiogenic response to TMLR. TMLR, on the other hand, could provide a source of
blood inflow for the collateral vessels developed as a result of the angiogenic therapy
5?1%}51{(?9 17). The results of the initial studies combining the two therapies look p:o_méng

k*M

figure 17: TMLR channels providing blood to the neovascularized myocardium (source PLC)

8.3 Sympathetic denervation

Patients treated with TMLR show an immediate relief in angina that can not be
attributed to improved perfusion of the myocardium. Only after a few weeks
angiogenesis might can contribute to an improved perfusion and relieve of angina as
described in the paragraph above. The potential mechanism to explain the acute
improvement in angina class could be denervation ofthe myocardium 110. During TMLR
nerve fibers in the myocardium are destroyed disabling pain sensation. The patients feel
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better and are not restricted by pain sensation. It can even be hypothesized that due to
more exercise the hibernating myocardium might be stimulated resulting in
angiogenesis.

Sundt and Kwong have shown the effect of denervation of the myocardium in a canine
model "'®""'. Myocardial regions of which the nerves were destroyed chemically and
regions where TMLR channels were formed using a holmium laser, did not show any
response during stimulation. Also immunoblots with an antibody against tyrosine
hydroxylase, a sympathetic nerve-specific enzyme, showed the loss of nerves in
chemical and laser treated areas.

In contrast, Hirsch et al. found the opposite result ">, Stimulation of sympathetic and
parasympathetic efferent neurons by electrical or chemical means did not change the
local ventricular contractile responses before and after TMLR using the holmium laser.
Therefor, the efficacy of TMLR could not be ascribed to local denervation

Assuming that sympathetic denervation is one of the mechanisms behind the benefits
from TMLR, some caution might be considered. If pain can be interpreted as a warning
mechanism, the deactivation might result in debilitation of the hibernating myocardium.
Consequently, irreversible damage might occur resulting in death due to arrhythmia and
LVEF failure. However, an increased incidence of myocardial infarction and sudden
death has not been reported in relation to TMLR patients yet. In the follow-up, TMLR
patients should be alert on other symptoms of ischemic diastolic dysfunction of the heart
like dyspnoea and fatigue.

8.4 Improved synchronization

The creation of the laser channels could influence the electrical conductivity of the
hibernating myocardium, which would contribute to synchronous contraction of the
myocardium resulting in an improved LVEF '". The region of hibernating myocardium
consists of islands with vital muscle cells surrounded by scar tissue. The pathway of the
electric stimuli from the AV node has changed compared to healthy tissue. This signal
might be delayed or even ‘captured’ in the hibernating myocardium resulting in an
unorganized contraction with a decrease of the LVEF. The increased perfusion due to
the TMLR channels could revive the hibernating myocardium and improve the
synchronization of wall contraction as observed in some studies '®.

8.5 Wall contraction due to scarring

In a recent animal study by Mueller et al. *® it is suggested that scars resulting from the
TMLR channels might be responsible for the clinical improvement of the patient. The
healing response was followed in time comparing TMLR channels formed in healthy
myocardium and in an area with an infarction. All channels were occluded after one
week and whitish scar tissue was formed after two weeks. In the scar tissue from the
infarction, the former channels could no longer be distinguished due to a similar healing
response. However, the TMLR scars exhibited an increased vascular density in
comparison with scar tissue of myocardial infarction, which did not extend into their
immediate vicinity ''*. Due to cicatricial contraction the initial lesion size in the
myocardium reduced up to 100 %. By applying Laplace law, this contraction effect
could reduce the cavity diameter and therefor the wall stress and the oxygen
consumption. This mechanism might explain the angina relief and improved regional
wall motion. This would also imply that larger lesions as produced with the holmium
laser in comparison to the CO, and Excimer laser, would be more effective. However,
one would expect to achieve similar clinical results just by sticking hot needles in the
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myocardium. If cicatricial contraction is the mechanism of action for TMLR, low cost
thermal devices could replace the expensive and complex laser systems.

8.6 Placebo

A thoracotomy has a placebo effect and a psychological effect. However, this effect only
lasts for two months at most and appears in about 30 % of the patients. TMLR has
proven to have a far better result. On average 70-80% of the patients benefit from the
procedure. Most of the patients treated were physically disabled before the procedure
and could resume an almost normal lifestyle after the procedure. A double blind study
including a control group for the placebo effect would not be ethical.

8.7 Combination of mechanisms

The effects observed in patients after a TMLR treatment can not be attributed to just one
of the mechanisms described above. Most probable, it will be a combination of several
mechanisms since some of them are strongly related. There tends to be conformity in the
cardiovascular field to the following scenario: The acute beneficial effect of TMLR
results from sympathetic denervation and maybe partly a placebo effect. The channels
occlude by a thrombus within a few days. In the following weeks the healing response
induces angiogenesis improving the perfusion and consequently the (synchronized)
contraction of the myocardium. The neovascularization remains for over a year.

9. FUTURE OF MYOCARDIAL REVASCULARIZATION

9.1 Costs effectiveness of TMLR

The costs related to TMLR will play a role in the acceptance of the technology. Since the
reimbursement policy by insurance companies and public health care differs from
country to country, TMLR may be more accessible through private practitioners.
Although, the TMLR procedure is expensive it might be cost effective in the long term.
If patients can reduce largely in antianginal medication and hospitalization frequency is
reduced the invested cost will be compensated. In addition, due to the improved quality
of life, the patients can partially return to their professional life. For the time being,
TMLR should be concentrated in a few expert centers in each country, which have
obtained adequate experience to minimize mortality and morbidity. They may be able to
prove the cost effectiveness and act as training institutes for new centers to follow in the
future when TMLR has become more accepted.

9.2 Laser systems and strategies

After the approval of TMLR by the FDA for the CO; Heart laser, other companies with
different laser systems are following soon. Only large studies might show variation in
clinical outcome, which show to be rather similar up till now.

By fine-tuning the parameters of the different lasers, the local tissue injury can be
controlled. The degree of injury will induce local inflammation, which plays a critical
role in the stimulation of both capillary and larger vessel growth. The combination of
TMLR and simultaneous delivery of VEGF or genes, that promote angiogenesis and
endothelial cell motility, may be synergistic.

Recently, more studies are being published on percutaneous myocardial
revascularization PMR *"""'5116 " The results suggest a slightly greater functional
improvement, similar changes in angina score, no deaths during hospital stay and low
morbidity. Although PMR is not expected to improve the results of TMLR, the lower
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risk involved may gain more acceptance for the improvements obtained with this less
invasive approach. The percutaneous approach is technically only feasible using fiber
delivered holmium or excimer laser systems. A fiber delivery system for high power
CO;, lasers has been developed but is not suitable for intraventricular use.

Heart transplants recipients with cardiac allograft diffuse vasculopathy 7 are being
considered for TMLR treatment. A small group of patients has already been treated and
were asymptomatic after three months of follow-up ',

9.3 TMR using other energy sources

It is unclear which characteristics of the channels in the myocardium are critical for the
clinical improvement. As shown in the laser —tissue interaction section (paragraph 4.9.2)
the channels measure around 1 mm and are associated with thermal and mechanical
injury in the surrounding myocardium. Other modalities are also capable to create
similar channels in the myocardium. The use of hot needles would be straightforward,
however, the channels would probable collapse directly. The therapy should include
actual tissue ablation and thermal effects.

9.3.1 Radio frequency ablation

Radio frequency ablation is already being used for the epicardial and percutaneous
endocardial treatment of arrhythmia ''*'**'2!_ An electrical current can be induced
locally in the tissue, resulting in an instant heating and vaporization of tissue similar to a
laser. It is difficult to transport high currents through small catheters with sufficient
energy to ablate tissue in a short time due to impedance losses. For arrhythmia surgery
large tissue areas are coagulated with exposure time during tens of seconds. However, it
has been shown that myocardial tissue can be ablated instantly using a catheter based
spark erosion device %, A similar device can be used to drill holes.

9.3.2 Microwave

In a similar setting as described above for radio frequency, microwave energy can be
used for the local heating of myocardium '*'**'%_ Due to its nature, it will be difficult to
concentrate the microwaves in a small area to induce sufficient heating for tissue
vaporization. However, if local thermal damage could already induce angiogenesis,
microwaves could still have potential for TMR.

9.3.3 Ultrasound

Ultrasound is an alternative energy delivery technique that can elevate tissue temperature
quickly. Ultrasound has already been applied for the coagulation of tissue noninvasively
deep in the body using either external sources or by means of intracavitary applicators.
Arrthythmia have been treated using ultrasound systems ', Extracorporeal lithotripsy
devices based on focussed ultrasound have been proven to effectively break down stone,
e.g., in the kidney, with minimal collateral damage. Short high-energy bursts of
ultrasonic waves that are focussed inside the body induce local stresses that result in
cavitation effects in soft tissues. Smith et al. have shown the feasibility of this technique
by drilling holes during in vivo tests using canine myocardium 127 The great advantage
of ultrasound compared to laser is that TMR could be performed in a completely
noninvasive image-guided procedure from an external ultrasound source. The channels
could be made of practically any desired shape with a device significantly less expensive
than current laser systems.

Other modalities combine laser with ultrasound '*®. Ultrasonic waves are generated by a
transducer attached to a silica fiber that also transports the laser energy. The tip of the
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fiber vibrates at high velocity creating cavitation bubbles in a liquid. The imploding
cavitation bubbles effectively remove soft tissue. This technique is being developed for
percutaneous TMR application.

9.4 Improved diagnostics

One of the major objective criteria to prove the efficacy of TMLR is the perfusion and
the wall motion, which can be studied with scintigraphic techniques. The results from
various clinical studies are not consistent due to the difference in resolution of the
scanners. Only the-state-of-the-art PET scanners are capable showing high resolution
images of regional myocardial perfusion. Frazier et al.'”"° have shown evidence of
improved sub endocardial perfusion after TMLR treatment of patients.

Also 3-D echocardiography and new imaging MRT techniques can provide additional
evidence of improved wall motion, functionality and metabolism.

9.5 Need for international registry

To overcome all the skepticism regarding transmyocardial revascularization, the
researchers, clinical investigators and manufacturers should join forces in an
international registry to acquire as much patient data within a reasonable time as
possible. Also protocols should be established which make the comparison of data from
different centers and laser modalities possible. Hopefully, this international database can
provide answers to the many questions regarding the mechanism of TMLR.

10. CONCLUSIONS

TransMyocardial Laser Revascularization shows to be an effective and relatively safe
procedure to reduce anginal symptoms of patients in an end-stage coronary heart disease
who do not respond to medication and are unsuitable for standard revascularization
techniques. The associated mortality and morbidity is acceptable and can be further
improved using the appropriate patient selection and using a percutaneous approach.

There is no significant difference in the results between the treatment modalities. The
acute beneficial effect of TMLR might be attributed to sympathetic denervation. The
combined thermal and mechanical injury provokes an angiogenic response that might be
enhanced by external growth factors. The consequent improvement of the myocardial
reperfusion and functionality needs further verification with, e.g., high-resolution
scintigraphic techniques.

Laser drilling in the heart is not based on magic but on clear physics. However, the
therapeutic mechanism of action is complex and needs further investigation.
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