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and Department of Urology, University Hospital Utrecht, The Netherlands

ABSTRACT

For the XeC1 Excimer laser (308 nm, 1 15 ns), special design multifiber laser catheters were developed and
theoretically as well as experimentally evaluated. Monte Carlo simulations showed that the penetration depth of 308
nm XeC1 excimer light varied from 50 to 200 im for fiber diameters from 50 to 550 pm and larger. Tissue ablation is
expected to be restricted to this irradiated area. In order to ablate larger tissue areas, a flexible bundle of fibers is used
introducing gaps in the irradiance distribution due to dead space rn-between the individual fibers. For a cladding/core
ratio of 0 to 0.25 , the dead space varies from 10 to 50 % independent of fiber diameter. However, the gaps in the
irradiance distribution will be filled in by lateral scattering at the tissue surface if the fiber diameter equals the
penetration depth of the laser light. By placing the fibers at preferential positions or guiding the light through selected
individual fibers or clusters of fibers, selective tissue areas can be ablated. Based on these concepts multifiber catheters
were developed for a unique neurosurgery bypass procedure and for urethra stricture surgery. Real-time, close-up, high
speed video imaging showed that tissue ablation mechanism of these catheters is predominately governed by explosive
short-life vapor bubbles fragmenting the tissue to small particles. These vapor bubbles might induce unwanted lateral
damage. In order to temper the ablation process, laser energy was delivered in 8 pulses divided over 8 sectors of a
multifiber catheter (multiplexing), keeping the same fluence instead of one pulse addressing the all fibers at once. This
resulted in smaller vapor bubbles, expected to cause less lateral tissue damage. Using multifiber bundles, special
design laser catheters enable preferential and precise tissue ablation for unique applications while the explosive tissue
ablation might be controlled to minimize lateral damage. The special design multifiber catheters have successfiully been
used during patient treatment in neurosurgery and in urology.

1. INTRODUCTION

The success of a laser treatment depends on a combination of the laser characteristics and the catheter design. This can
be illustrated by the history of laser angioplasty which started with the continuous wave Nd:YAG laser in 1985 using
bare fibers. To reduce the perforation rate, modified fibers were introduced. Such modification were either a metal cap
on the fiber tip, a lens positioned in front ofthe fiber tip or a fiber tip melted to a ball-shape. Since it proofed too risky
to use in coronary arteries and the thermal trauma induced didn't benefit the restenosis rates, pulsed lasers were
introduced. Especially, the 2. 1 .tm holmium and the 308 nm excimer laser have been investigated and are being used
clinically. These lasers were assumed to ablate atherosclerotic plaque by a non-thermal mechanism, anticipating lower
complication and restenosis rates. To have access to the tortuous coronary arteries the flexibility of the catheter was
increase by replacing one rigid fiber by a bundle of small fibers, the so called multifiber catheter 1,2. Compared to the
front surface of a single fiber, a fiber bundle can cover the same surface area except for the 'dead' space between the
fibers of the bundle. The fibers can be positioned at preferential positions with respect to the axis of symmetry, e.g. for
laser angioplasty to irradiate eccentric stenoses. Although most multifiber catheters have been designed for laser
angioplasty, they can be also very useflul for other applications since the 308 mn excimer laser allows precise tissue
ablation of soft tissues. This paper presents the theoretical and experimental evaluation of some special design excimer
laser multifiber catheters for specific surgical procedures.
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2. THE 308 nm EXCIMER LASER

2.1 Laser characteristics
The laser catheters developed are coupled to a 308 nm Xenon-Chloride excimer laser (Max-lO, Medolas, Munich,
Germany) which has a stretched pulse length of 1 15 ns. The pulse repetition rate can be varied from 2- 10 20 -40 to
60 Hz. The maximum energy per pulse is 200 mJ. The light can be transported through silica based optical fibers
prefrab1y with a higher OH content.

2.2 Ablation mechanism of 308 nm excimer laser
The description below is based on a study published elsewhere .During a laser pulse, light is distributed in the tissue
determining the energy that is absorbed per volume of tissue. The 308 nm light is mainly absorbed by the tissue
proteins which will transfer the heat to the tissue water. The temperature increase of the tissue will induce denaturation
ofthe tissue proteins around 70 °C. The denatured tissue enhances absorption and the temperature will rise to 100 °C.
Around boiling temperature most absorbed energy is used to convert the tissue water into vapor. A rapid expanding
vapor bubble is formed which expands equally in all directions. The fiber surface redirects the expanding bubble into
the tissue. The vapor will finds it way along the path of lowest resistance and in first instance escape along the fiber
tip. Every pulse ablates a small layer of tissue and the forceful bubbles will deteriorate the tissue structure. Slowly the
fiber will dig itself into the tissue confining the escape route of vapor to the tissue surface. The vapor is forced into the
tissue creating small fractures in the tissue structure, breaking it into small pieces. The tissue underneath and just
besides the fiber will give way and the fiber start penetrating the tissue. The explosive vapor pushes the ruptured tissue
aside and escapes to the surface ejecting small tissue particles. This process continues and a linear descent of the fiber
is observed until the fiber perforates a tissue layer.

3. DESIGN CONSIDERATIONS OF MULTIFIBER CATHETERS

3.1 Basic multifiber designs
The basic multifiber configurations discussed in this paper are presented in figure 1.
A. full multifiber catheter with optimal fiber packing
B. full multifiber catheter with ring shaped fiber packing
C. multiple ring catheter with central lumen
D. multiple ring catheter with asymmetrical lumen
E. half-circle ring catheter

A B C

figure 1

overview multifiber configurations
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3.2 The multifiber concept
The optical behavior of a multifiber catheter can be compared with a bare fiber tip. The beam of a small fiber in the
fiber bundle can be considered analogous to the rays that are emitted from one position at the surface of a single fiber.
When the light is uniformly distributed over the bundle of fibers at the incoupling end, the irradiance distribution at the
exit end of the fiber bundle can be expected to be virtually uniform in the near field and gaussian in the far field. If the
spot of the beam at the incoupling end of the fiber bundle is gaussian or non-uniform, the irradiance distribution still
tends to become uniform at the output end when the fibers at the output end are randomly distributed and not correlated
to the position of fibers at the incouple end. If correlation exists between the fiber position at the input and output ends,
like in an angioscope, feedback by probing fluorescence of the distal tissue can be used for selective ablation of tissue
through sectors or through individual fibers 4. The fibers of the bundle can be positioned in a ring geometry centrally
or asymmetrically around a lumen providing for guidance ofthe catheter over a wire as used in arteries. Obviously, the
irradiance distribution at the catheter tip will be comparable with the distribution ofthe fibers.

3.3 Penetration depth in relation to fiber diameter
When irradiating tissue, the intensity at the tissue surface will decreases during tissue penetration due to lateral
scattering and absorption depending on the optical properties of the tissue. The depth at which the intensity of a
collimated beam has dropped to 37 % (= e'• 100 %) is defined as the optical penetration depth & If the diameter of a
beam or a fiber is in the same order as the penetration depth, the light distribution lateral from the fiber is relatively
large (flg.2, left). This spherical volume of light-tissue interaction, the optical zone, extends relatively far beyond the
fiber diameter. By increasing the fiber diameter, the lateral distribution will relatively decrease but the penetration
depth below the fiber will increase (fig.2, right). This effect is demonstrated using Monte Carlo simulations to calculate
the light distribution in vascular tissues for increasing fiber diameters from 50 - 1000 .tm. For optical properties as
determined by Oraevsky et al. 5 the penetration depth of 308 nm XeCl excimer light in vascular tissue increased from
50 to 200 pm when the beam or fiber diameter was increased from 50 to 550 .tm. When the fiber diameter or a bundle
of small fibers becomes several times larger than the optical penetration depth, the optical zone resembles a disk below
fiber surface with a thickness of approximately the optical penetration depth &
For white colored tissues like vascular wall and fibrous tissue, the penetration depth is near 200 jim. When the tissue
become more white due to denaturation the penetration depth drops to 100 jim. The 308 nm wavelength is highly
absorbed by hemoglobin and light absorption will dominate the light distribution above scattering. In blood the
penetration depth is smaller than 50 jim.
The lateral extent of the optical zone should be taken in consideration in the design of multifiber catheters in view of
the presence of dead space between individual fibers in multifiber catheters

figure 2:
Schematic representation of light penetration
in tissue in dependence of the diameter of the
beam or fiber
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3.4 Dead space
At the fiber bundle surface, there will be gaps in the light distribution due to the dead space between the individual
fibers. The most efficient packing configuration of fibers, in view of minimum dead space, is based on an equal side
triangle as shown in figure 3 . Using this basic configuration, a circular surface can be filled with hexagonals. Starting
with one fiber, the next ring will have 6 fibers; the (k+1)th ring will then have 6 additional fibers to complete the ring
around the previous (k)th ring.
So, 1 + 6 + 12 + 18..

central ith 2nd 3rd
fiber ring ring ring

The numerical sequence for the total number of fibers T is: T = 1+ 61 where k is the number of rings.

The dead space in the most efficient packing configuration is due to (1) the triangular area in-between the fibers and
(2) the cladding ofthe fibers (fig. 3). The dead space represented by the triangular area is a constant fraction of 5.13%
of the area of one fiber. Since each fiber is surrounded by 6 of such triangles and each triangle is surrounded by 3
fibers, the contribution ofeach fiber to the dead space can be calculated to be 6 I 3 5. l3%=1O.26 %. This figure also
represents the minimal dead space for any multifiber catheter.

figure 3:
deadspace in a optimal
packed multifiber bundle

The contribution of the cladding to the dead space depends on its thickness in relation to the radius of the fiber as
shown in figure 4. Assuming a cladding thickness of 10% ofthe core radius, which is normal for fibers, the additional
dead space of a fiber due to the cladding is 19% of the fiber surface area. The total dead space of K rings of such
fibers is therefore 29.26%. The disadvantage of the dead space can be eliminated by placing an optical shield in front
of the fibers. The beam spots of the individual fibers will overlap after a few mm covering the entire front of the shield
in contact with tissue 4. In practice, the most efficient packing configuration is not totally achieved as shown in figure
8.
Multifiber catheters used for laser angioplasty have additional dead space due to the guide wire channel and the space
between the fibers and the rim of the catheter tubing. The total dead space on the front end of these laser catheters is
usually larger than 60 percent. For example, a 4.5 F (1.5 mm) diameter catheter has a total surface area of 1.77 mm2.
This catheter consists of 165 fibers of 50 jim each which is equal to 0.32 mm2 resulting in a dead space of 82 %.
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3.5 Ablative surface area of catheter
Tissue ablation is expected to be restricted to the optical zone if the fluence at the fiber surface is near the ablation
threshold oftissue. The ablation threshold is 20-30 mi/mm2 for white colored tissue and 1-3 mi/mm2 for blood. For
the design of a catheter, one should consider the total ablative surface area of catheter and the total energy needed to
reach the ablation threshold of the target tissue. For larger diameter multifiber catheter, the laser system must be able
to produce a considerable energy per pulse. e.g. to have an ablative surface for a 2 mm diameter catheter a 50mJ/pulse
must be delivered to the tissue disregarding incoupling and fiber losses. Especially, when the tip surface has a
considerable dead space it could be difficult to ablate all the tissue in front of the fiber tip. However the mechanical
action of vapor bubbles could compensate for the non ablative part of the catheter. In the design of larger catheter the
surface of the catheter tip should be used more efficiently by putting the fibers on strategic positions as will be shown
below.

4. SPECIAL MULTIFIBER STRATEGIES FOR CLINICAL APPLICATIONS

4.1 Laser angioplasty
The development of multifibers has been mainly stimulate from the field of laser angioplasty as was outlined in the
introduction. Technically, it has been proven that the latest design coronary laser catheters have a high success rate in
immediate recanalization of the stenosed artery. However, the long-term results are disappointing since the restenosis
rate is up to 50 % within one year comparable with conventional balloon angioplasty. The failing of the clinical
treatment might be explained by the ablation mechanism of the excimer laser as described in paragraph 2.2. The
forceful expanding vapor bubbles formed during tissue ablation might induce a mechanical trauma to the arterial wall.
Evidence for this phenomenon has been published by van Leeuwen Ct al.6 showing an 1 .5fold expansion of diameter
the arterial wall during the 100-200 J.ts lifetime of the vapor bubble. Histology from an animal model showed a total
necrotic wall and rupture of the internal elastic lamina. This mechanical trauma will induce restenosis comparable with
conventional balloon angioplasty.
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4. 1. 1 Multiplexing
In order to attenuate the ablation process, a multiplexing technique has been developed by some excimer laser
manufacturers. The strategy ofthis technique is to decrease the vapor bubble size during tissue ablation while keeping
the same ablation efficiency. In one system ('SELCA', Medolas, Germany), the laser energy is delivered in 8 pulses
divided over 8 sectors of a multifiber catheter maintaining the same fluence compared with one pulse delivered through
the whole multifiber bundle at once (fig. 5). Since less energy is delivered per pulse a smaller vapor bubble is formed in
front of the laser catheter which is imploded before the next pulse is fired through another sector. The pulse repetition
rate is in the order of 100 Hz. Figure 6 shows the bubble size for the normal angioplasty catheter (left) inn comparison
with a smaller bubble formed using a multiplexing angioplasty catheter (right).
At present, animal studies and patient studies have to prove that hypothesis that the smaller bubble will be less
traumatic to the arterial wall, so the long term restenosis rate will improve.

figure 5
Ring catheter divided in 8 sectors. A laser pulse can
be delivered through each sector
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figure 6
Left: vapor bubble formed in a hemoglobin solution after delivery of a laser pulse through a 4.5 F coronary laser
catheter with afluence of 40 mJ/mm2 at the surface.
Right: smaller vapor bubble formed using the multiplexing technique with the same fluence and catheter size.
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4.2 Neuro surgery bypass technique
A new type of end-to-side anastomosis has been developed using an excimer laser to create a high flow bypass of the
brain without occlusion of the recipient artery which would normally be impossibly. The technique is depicted in figure
7: A donor artery (epigastric artery or venous transplant) is end-to-side connected in a conventional way with the
proximal stem of the superficial temporal artery or with the external carotid artery in the neck. The other end of the
transplant is connected with the intracranial portion of the internal carotid artery or with the stem of the middle
cerebral artery. About 2 cm proximal from this anastomosis an artificial side branch is made in the donor artery, using
a short piece of vein. Via this side branch, a full multifiber laser catheter of 2.2 mm diameter consisting of 140 fibers
(100 urn diameter) in a flat circular configuration is introduced (fig. 8 and 9). A hole is created in the wall of the
recipient artery, activating the laser (40 Hz, 25 mi/pulse for 0.5-1 s). The catheter is withdrawn and the artificial side
branch is occluded with a hemoclip.

In experiments in rabbits (n=50) a patency rate >90% was obtained with this type of anastomosis. This procedure has
been performed in 6 patients, 3 with an occlusion of the internal carotid artery and ipsilateral brain ischemia and 3 with
a giant aneurysm of the internal carotid artery, where an occlusion of the internal carotid artery during the procedure
was necessary. The patients tolerated the procedure very well. No new neurological deficits were noted after the
operation. In one patient the postoperative angiogram showed the bypass to be nicely patent and extensive filling of the
ipsilateral middle and anterior cerebral artery territories. In one patient the postoperative angiogram showed an
occluded bypass. In the remaining 4 patients Doppler examination indicated a patent bypass and no postoperative
angiogram was performed.
The design of the laser catheter is still being improved to obtain a 100% patency rate. The initial results show that this
technique will have great potential for bypass surgery in the brain7
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figure 7: Illustration of the neurosurgery bypass technique describe above
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4.3 Urethra stricture surgery
Due to mechanical trauma, usually caused by previous interventions, the urethra tract can be stenosed causing
discomfort during voiding. Various treatments can be applied like dilatation and incision, however the recurrence rate
is rather high due to the additional trauma inducing scar tissue formation. A gutter shaped catheter was developed with
12 x 300 J.Lm fibers sticking 4 mm out of the 9 F catheter tubing (fig. 10). The design was intended to ablate fibrous
tissue from the urethra wall digging a groove in the wall. The strategic positioning of the fibers and ablation
mechanism of the excimer laser is expected to create a smooth surface with minimal trauma. Figure 11 (left) shows the
gutter shaped catheter in front a string of the fibrous tissue obstructing the urethra. After treatment using near 250
pulses of 30 mJ at 20 Hz, the lumen has retained its original diameter after 'cutting' the cord. This catheter design is
relatively large and rigid and needs a steering device. Future designs will be more flexible by using smaller fibers and a
method of guidance will be incorporated.

figure 10:
Gutter shaped laser catheter consisting of 12 fibers
with a diameter of 300 im used for urethra stricture
surgery
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figure 8
Full multifiber consisting of 140 fibers with a
diameter of 100 jim. This catheter is used to
punch a hole in the arterial wall to create an
anastemosis for a bypass in the brain.

figure 9
Anasthemosis with the laser catheter inside the
bypass in contact with the wall of the recipient
artery just before laser exposure.
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5. CONCLUSIONS

Since the ablation of tissue with multifiber catheters coupled to pulsed lasers is confined to the surface of the fibers, a
considerable amount of tissue has to be removed by mechanical effects to create lesions that have an equal diameter as
the catheter used.
Using multifiber bundles, special design laser catheters enable preferential and precise tissue ablation for unique
applications and explosive tissue ablation might be controlled to minimize lateral damage. The special design
multifiber catheters have successfully been used in clinical procedures.
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figure 11
Left. Gutter shaped laser catheter just in front of a stricture in the urethra before treatment.
Right: Expanded urethra after lasing through the filament of the stricture
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