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ABSTRACT

The perfusion ofhibernating myocardium by oxygenated blood coming from transmyocardial channels
to the left ventricular cavity has been considered as an alternative for patients unsuitable for bypass
surgery. Channels created by lasers are believed to assure patency in the long term. At this moment,
several laser systems have become available to create these channels with minimal thermal effects. The
systems should be ECG triggered and the exposure should preferably be within the relaxation phase of
the cardiac cycle (0.1-0.2 s).
Methods: The lasers examined were an ultrapulsed CO2 laser with long focus delivery optics, a
Holmium laser coupled to a 1 mm spot fiber and an Excimer laser coupled to a 950 fiber. Pieces of
bovine myocardium (10-20 mm thickness) were exposed while the displacement during penetration
was monitored. Pulse trains were delivered within 0.05-0.2 s with a repetition rate of 1-3 Hz. The fiber
delivery devices were loaded with weights between 10-80 gram to study the influence of excerted
force. For the CO2 laser the creation of the channels was also recorded on high speed video and with a
thermal imaging method in a model tissue to visualise explosive and thermal effects.
With the Holmium laser immediate penetration of the fiber was obtained while with the Excimer laser
the penetration of the fiber started only after several pulses within the train depending on force and
energy. The CO2 laser beam created a channel instantly, up to 30 mm/pulse depending on spotsize and

energy.
We concluded that all three lasers are capable of creating a channel of 20 mm long on the heart within
a few cardiac cycles. Histologic analysis showed that in contrast to the smooth channels of the CO2
laser, the Holmium and Excimer laser create irregular channels with ruptures to the sides with some
thermal damage. It is not clear which kind of channels will have the best potentials to provide
maximum perfusion of the myocardium.

Keywords: Transmyocardial Revascularization, CO2 laser, Holmium laser, Excimer laser, ablation,
cardiac surgery
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1. INTRODUCTION

Transmyocardial Revascularization (TMR) is a technique aiming to perfuse ischaemic myocardium
through channels which are being created in the left ventricular wall. Thirty years ago, needle puncture
techniques were first used. Later laser techniques were developed for TMR '.
Recently, clinical trials were performed with a high power CO2 laser on beating heari and an Excimer
laser on arrested heart. The tissue ablation is due to photothermal effects. The important features are
the ablation velocity and the damage produced by the laser light. The drilling of a channel should
preferably be done within the diastole phase of the cardiac cycle (about 0.2 sec) and the damage
produced at the channel wall should be such as to help the myocardial perfusion.
The goal of this study was to investigate the feasibility of three laser systems, a CO2 ultrapulsed laser,
a Holmium YAG laser and a XeCl Excimer laser to create channels in the myocardium. The ablation
velocity was measured for each laser as well as its dependence on the various parameters. Histology
was used to determine the thermal damage.

2.1 Tissue
2. MATERIALS - METHODS

Fresh bovine heart cut in blocks was used for the experiments. The tissue was irradiated at
room temperature and kept in saline solution at 4 °C after the irradiation until it was processed for
histological analysis.

2.2 Laser Systems
The ultrapulsed CO2 laser (Coherent 5000) was equipped with long focus delivery optics. The

average power was 100 W and the maximum energy per pulse 500 mJ. The creation of the channels
was also visualised by means ofa high speed video and a thermal imaging method. For this, polyacrilic
gel was used as a phantom tissue.
The Holmium YAG laser (Coherent, low OH) was coupled to a 320 .tm fiber extended to I mm spot
size adapted to it which was designed for cardiovascular applications. The fiber delivery system was
attached to the penetration tower described by Verdaasdonk eta1(fig.1). A position transducer shows
the position ofthe fiber vs. time and penetration is recorded on the PC as a function of time.
The Excimer laser (Medolas MAX-20) was coupled to a similar 950 im fiber delivery system and
adapted to the penetration tower. The parameters for each laser are given in table 1.
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Fig. I : The penetration tower
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CO2 laser Ho:YAG laser XeC1 Excimer laser

Energy per pulse
(J)

250 * 10-3

500*103
0.34, 0.75 23

Power(W) 100 - -

Exposure window
(s)

0.05, 0.10, 0.20 - -

Repetition
Frequency_(Hz)

single, 1, 3 - 30, 40

Spot size (mm) 0.1 -1.0

Rate (pulses/s) - 5 -

Weight (gr) - 10, 25, 35 50, 60, 70, 80

Table 1: The laser parameters

2.3 Tissue Penetration Measurements

For the CO2 laser, the ablation velocity was obtained by the optical recording method on the
tissue phantom.5

For the Ho:YAG laser and the XeCI Excimer laser, the ablation velocity was calculated by
linear fitting to the data obtained by the penetration tower (fig. 1). The number of pulses could be
registered for the Holmium YAG laser and the penetration per pulse was recorded while for the
Excimer laser, a mean value of penetration per pulse could be calculated (total penetration/number of
pulses).

2.4 Histology

For histology a hematoxylin eosin dye staining was used. The CO7 laser tissue blocks were cut
parallel to the axis of the channel while the other blocks were cut perpendicularly to the axis of the
channel.

3. RESULTS

3.1 laser
Figure 2 shows the results for the CO, laser. The ablation velocity calculation was based on

the optical acquisitions while histological analysis was done on the irradiated tissue. The highest
penetration per pulse measured was 3.5mm (spot size 0.5 mm, 250 mJ, gel phantom). The highest
ablation velocity achieved was about 80 mm/sec (spot size 0. 1 mm, 250 mJ, tissue) and was calculated
by the ratio ofthe tissue block thickness versus the total irradiation time needed for penetration.
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Fig. 2: CO2 laser gel penetration data

3.2 Ho:YAG laser

Figure 3 shows the results for the Ho:YAG laser. The histology showed minimal thermal
damage. Mechanical damage was not observed but this might be due to cutting perpendicular to the
axis of the channel. In a separate (in vivo) experiment mechanical damage consisting of ruptured cells
was observed. The velocity was calculated by linear fitting to the curves obtained from the penetration
tower. The highest velocity found was 5.05 mm/s (Energy/pulse=0.75 J, rate=5 pulses/s, weight=35
gr.). In this case, the pulse delivery could also be recorded and therefore the penetration per pulse
could be measured. The fastest penetration was found to be 2.0 mm per pulse, with a pulse rate of 5
pulses/s.
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Fig.3: The Ho:YAG penetration results
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3.3 XeC1 Excimer laser

Figure 4 shows an example for the XeCI Excimer laser. The histological results showed
similar minimal damage as with the Ho:YAG laser. The ablation velocity was again calculated from
the curves obtained from the penetration tower. The highest velocity that was calculated was 30
mm/sec (2 1 mJ/pulse, weight 80 gr, frequency 40 Hz).
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Fig. 4: The XeC1 Excimer velocity

4. DISCUSSION

4.1 Ablation Velocity

In the clinical trials performed in the United States, TMR was performed on the beating heart.
A powerful CO2 laser was used to create channels within the relaxation period ofthe cardiac cycle. A
channel in the myocardium (—10 mm) was created in less than 0.2 s, with an ablation velocity that was
higher than 50 mm/s.

In our in vitro experiments, the velocity of the CO2 laser and the XeCl Excimer laser was
respectively higher and equal to this value while with the Ho:YAG laser and with the fiber setting we
used, ablation velocity was lower. The positioning of the fiber could be a problem on a beating heart..
However, given the latest facts ofpartial immobilising ofthe heart, the fiber ofthe Ho:YAG
laser could be fixed on the myocardial wall for longer than just the relaxation phase of the heart.

4.2 Thermal and Mechanical Damagc

The three lasers used in this study produce a different kind of damage. The thermal damage of
the CO7 laser is smooth and superficial. The channels are coneshaped. The ablation is due to
vaporisation of the water-like elements of the myocardial tissue. The Ho:YAG laser is also strongly

46 /SP1E Vol. 2671

f = 20Hz

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 11 Mar 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



absorbed in water but not as much as the CO, laser. Because of the gas trapped between the tip of the
fiber and the tissue, the damage made with a Ho:YAG laser in in-vivo experiments also consists of
ruptures on the wall of the channels. The Excimer laser produces a similar kind of damage as the
Ho:YAG laser. The ablation here is due to the heating up of the non-water like constituents of the
tissue and that is why there is a delay in the penetration compared to the penetration of the two other
lasers. It is not clear which kind of damage is optimal. One could speculate that the smooth channels
with some thermal damage of the CO-, laser would be beneficial for the patency of the channels while
the ruptures in the wall of the channels could enable the contact between the red blood cells and
myocytes and help perfusion.

4.3 Other features

An advantage of the Ho:YAG laser and of the Excimer laser is that they can be transmitted
through fiber systems. This implies that they could be considered for minimally invasive TMR or even
for percutaneous procedures using an endocardial approach. In addition, in a non contact perforating
method with for instance a low power CO2 laser, the blood fills the channel between the pulse intervals
and absorbs part of the delivered energy. In this way, the penetration is slower. When using the fiber,
the blood and the gas created is pushed away. This also explains the ruptured like damage.

The way ofapplying the energy contributes to the extend ofthermal damage. The shape of the
CO2 created channels differs from the channels created with the other two lasers. The configuration
may vary with varying the focal length along the channel axis or the spot diameter. The question
arising is which pattern is the best for the myocardial perfusion. In this study the channels created with
a GO-, laser are wider on the epicardial site and narrower at the endocardial site. Perhaps the opposite is
more beneficial. Or maybe those of a cylindrical configuration. These kind of questions could be
answered with and in vivo survival experiment where perfusion of the myocardium should be
measured.

5. CONCLUSIONS

Three lasers were considered for TMR. We concluded that all three lasers in principle can be
used for TMR. The results of the three lasers differ in light delivery (direct irradiation vs. fiber light
delivery), in ablation velocity and in mechanical and thermal damage. The ablation velocity ofthe CO,
laser and Excimer laser were higher than 50 mm/s, while in our set up the ablation velocity of the
Ho:YAG was lower than 50 mm/s. However the fiber delivery seems advantageous given possible
future development of minimal invasive or percutaneous TMR. Ablation velocity might not be the
most important parameter. At present, it is unclear what type of damage is required for an optimal
TMR procedure. More sophisticated experiments using birefringence microscopy and in vivo
experiments should be performed to assess which laser is the most practical and optimal for TMR.
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APPENDIX
Mc Kenzie6 has modelled the vaporisation of tissue with a CO2 laser. He arrives at the following
equation:

dE = pcAdthT+ LpAdx

dE: ablation energy
A: the ablated area
p: tissue density (water)
c: specific heat (water)
L: latent heat of vaporisation (water)
iiT: Temperature rise

In a simplified calculation, taken the values for evaporating a cylinder of water and calculating for a
beam of CO2 laser where 250 mJ per pulse are delivered with a spot size of 0.1 mm diameter and
ablates 20 mm tissue thickness, the energy needed is about 1.9 J, or —7.6 pulses of the CO2 ultrapulsed
laser used in these experiments. This number of pulses can be delivered within less than 0.2 s.

48 ISPIE Vol. 2671

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 11 Mar 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use


