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The characteristics of two modified fiber tips, the metal laser probe and the rounded sapphire contact 
probe, were examined in vitro and in vivo with respect to some of the risks of laser angioplasty. 

Both probes have an atraumatic, blunt shape. The laser beam prof'de of the sapphire contact probe 
looses its focussing properties in water. In vitro, we found a large temperature gradient from the front to the 
rim of the probe. Ablative temperatures were reached a t the tip whereas the temperature of the metal 
connector near the rim of the sapphire crystal rose only 30 C in blood when,15 W Nd-YAG was applied for 
1 s. In contrast, the metal laser probe reached temperatures over 500 C in an in vitro tissue/blood 
environment when 10 W was applied for 5 s. The metal probe ablated both in the forward and the radial 
direction. In a rabbit model there was a large variation in temperature of the metal in vivo ( 70 - 320 ~ 
The highest temperatures were associated with acute complications. However, in spite of transmural 
coagulation necrosis the artery wall remained functionally intact during a follow up period of up to 56 days. 

INTRODUCTION 

The introduction of lasers in the field of 
angioplasty was around 1981 (1,2). At the 
beginning the bare fiber was positioned through a 
catheter just in front of an obstruction in a vessel. 
Laserlight from an Argon or Nd-YAG lasersource 
was fired at the obstruction and a channel was 
burned through the tissue in front of the fiber. 
Frequent mechanical and thermal perforation (3- 
5) lead to modifications of the fiber tip from 1985 
(6). Two modifications which are used frequently 
now in clinical procedures in peripheral vessels 
are the metal laser probe (7) and the sapphire 
contact probe (8). In the USA all procedures have 
been performed to date with the metal laser 
probe. It is the only device of the two having FDA 
approval uptil now (9). In Europe the sapphire 
contact probe is used most frequently (10-12). The 
early results reported so far are favourable for 
both devices in peripheral vessels (12-15). Clinical 
experience with the metal laser probe in the 
coronary arteries is limited (16,17). A cautious 
approach seems warranted (17,18). Application of 
the sapphire contact probe in the coronaries has 
not yet been reported. 

Laser angioplasty with these modified 
fibertips involves several risks during the 
procedure: a) mechanical or thermal perforation, 
b) embolism due to particles or gas bubbles, c) 

mechanically or thermally induced spasm, d) 
thermally induced wall shrinkage, e) mural 
thrombus formation and f) acute total occlusion. 

After a succesful procedure late 
complications may arise: a) aneurysm formation, 
b) delayed perforation, c) stenosis due to intima 
proliferation and d) reocclusion. 

To assess a number of these potential risks, 
we studied the sapphire contact probe and metal 
laser probe with respect to a) mechanical 
properties, b) optical properties c) thermal 
properties and d) interaction with blood. 

METHODS 

Mechanical properties 
The devices have been tested on flexibility, 

steerability and sharp edges. 

Optical properties 
The beam profdes of the bare fiber and 

various sapphire contact probes (Surgical Laser 
Technology, SLT) in an air and a water 
environment were photographed through an 
operating microscope as described earlier (19). 
An argon laser was used as light source. The beam 
in air was visualized by means of smoke particles. 
The beam in water was visualized by means of ink 
particles. 
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Beam profiles where calculated in a ray-trace 
program developed by the author. 

The beam extruding from the sapphire crystal 
only covers part of the surface of the probe. To 
show the influence of the beam diameter in 
comparison to the total diameter of the sapphire 
crystal on the ablation mechanism of tissue, a 2.2 
mm rounded sapphire probe (MTR 3.5, SLT) was 
positioned normal to bovine aortic tissue. The 
probe and tissue were submerged in saline. The 
fiber was coupled to a Nd-YAG laser. The tissue 
was exposed to 15 watts for I second. 

thernml properties 
metal laser probe 

Because all light is converted into heat in the 
metal laser probe it can not be considered an 
optical device. The characteristics of this device 
are determined by its surface temperature. There 
are many parameters which may influence this 
temperature such as : input power, probe mass, 
exposure time, environment, contact xvith tissue, 
probe motion and flow (20,21). 

We measured the temperature of the probe 
by means of a thermocouplc ( type K, 0.3 mm 
diameter) positioned in one of the coaxial 
channels in a metal laser probe ( Trimedyne PLR 
+, 2 mm), as descibed before (22). In vitro 
three situations were compared : 1) probe 
stationary in saline or blood, 2) probe in saline or 
blood with one side pressed against aortic tissue 
and 3) probe in saline or blood sandwiched 
between two pieces of aortic tissue. 

In vivo the temperature was monitored during 
motion of the probe in the iliac artery of a normal 
rabbit. In the anesthetized animal the metal laser 

probe catheter was introduced in the right carotid 
artery, advanced to the lilac artery and moved 
back and forth in a 2 cm long segment during 
exposure of 7 watts for 5 seconds. 

Wall healing of thermally damaged arteries 
was followed for up to 56 days. The details of the 
histologic assessment will be reported elsewhere 
(23). 
sapphire contact probe 

The thermal properties of the sapphire probe 
were examined in an indirect way. We could not 
measure the temperature of the crystal surface 
directly in a water or blood environment. To 
estimate the temperatures at tim surface, the 
probe was placed against 5 mm thick bovine tissue 
in saline. A 1 second, 15 watt pulse from a Nd- 
YAG laser was delivered through the probe. From 
tissue and crystal surface changes inferences were 
made about temperature regions on the probe 
during exposure. 

The probe has been designed for tissue 
ablation in front of the tip. When positioned 
coaxially in the arterial lumen, the edges of the 
crystal and the metal connector are likely to be in 
contact with the arterial wall. Hence , it is of 
interest to know which temperatures to expect 
radially. We fused a thcrmocouple ( type K) on 
the metal connector just below the crystal rim. Its 
temperature was measured in saline and in blood. 
A saline flush of 0 - 10 ml/min through the fiber - 
crystal interface was maintained during exposure 
of I - 20 watts Nd-YAG for 1 - 2 seconds. 

Fig. 1. Beam profiles in air and water: a) 0.6 core 
diameter fiber in air, b) 2.2 mm round sapphire 
probe in air, c) 2.2 mm round sapphire probe in 
water. 
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RESULTS 

Mechanical p r o p e r t i e s  
In vivo catheterisation of normal rabbits 

accessed through the carotid artery never resulted 
in mechanical perforation with either the metal 
laser probe or sapphire contact probe. 

The 1.8 and 2.2 mm diameter sapphire probe 
catheter could be advanced as far as the 
bifurcation but the catheters were too stiff to enter 
the iliac arteries proper ly .  The metal laser probe 
was more flexible and could be advanced into the 
femoral arteries. At the bifurcation it was possible 
to preferentially select an iliac artery. 

Optical p r o p e r t i e s  
The beam profiles of a bare fiber and a 2.2 

mm rounded sapphire probe in air and water are 
shown in figure 1. The focussing property of the 
rounded sapphire probe in air almost vanished in 
water. The central ablation crater in figure 2, 
formed in bovine aortic tissue, corresponds with 
the diameter of the beam at the sapphire crystal 
surface, whereas the shallow peripheral 
indentation corresponds to the shape of the crystal 
itself. 

Thermal p r o p e r t i e s  

metal laser probe 
The maximum in vitro temperatures of the 

metal laser probe in saline and blood with 
different percentage tissue contact is shown in 
figure 3. Note the large difference in tempcratnre 
between in saline and in blood. 

TEMPERATURE AFTER 10s,10W 

777777- / / / z'77"7~ - 

I II III 

sotine 100 ~ 100~ 500 ~ 

bl.ood 690 ~ 610 ~ 560 ~ 

Fig. 3. Maximum temperature of metal laser probe 
in in vitro situations in saline and blood, a) no 
contact with tissue, b) pressed half in aortic tissue, 
c) sandwiched between aortic tissue. 

The in vivo temperature recordings are 
presented in figure 4. The nine curves cover a 
large range. The curve (1) reaching the highest 
temperature was associated with perforation. The 
second highest curve (2) shows a less rapid 
cooling down after the laser was switched off (at 5 
s) due to vessel wall adhesion. 

Fig. 2. Surface of sapphire probe and crater in 
aortic tissue after i s, 15 W Nd-YAG pulse in 
water. The ring of carbonisation on the crystal 
marks the spotsize of the beam. The ablation 
crater in the tissue corresponds to the impact of 
the beam wheras the more lateral impression 
reflects the crystal shape. 
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Fig. 4. In vivo temperature curves of metal laser 
probe during up and down movement in a 2 cm 
section of an iliac artery of the rabbit (n=9)  
during exposure of 7 watts for 5 s. 

Sapphire contact probe 
The temperature rise of the metal connector 

of the sapphire probe in saline in relation to the 
input power is shown in figure 5. At the highest 
input power of 20 watts for 2 s, the rise was 25 ~ 
Flushing the interface between fiber and sapphire 
crystal had a minor effect on the coofing as shown 
in figure 6. The temperature rise of the connector 
was almost indepent of the flush rate. In blood the 
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temperature of the connector rose about 30 ~ 
whereas in water the rise was only 5 ~ 

We found evidence for a large surface 
temperature gradient in lateral direction from the 
optical axis of the sapphire probe as can be 
inferred from figure 2. The tip of the probe 
remained clear but it was surrounded by a ring of 
carbonised particles and a little pollution more 
laterally. These areas are likely to reflect 
particular temperature regions. The thermal 
effects visible on the tissue (fig. 2) probably reflect 
these temperature regions as well. 

Arterial wall healing 
In spite of the regular occurrence of severe 

thermal wall damage (Fig. 7a) leading to 
transmural coagulation necrosis, the arteries 
healed completely and remained functionally 
intact (Fig. 7 b). 
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Fig. 5. Temperature rise of the metal connector of 
the sapphire contact probe in saline in relation to 
input power, without flush through interface. 
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Fig. 7a Rabbit iliac artery, Elastin Van Gieson 
stain. Severe thermal damage with vacuolisation 
and splitting of the tissues of the media while the 
internal elastic lamina and adventitial structures 
remained intact directly after metal laser probe 
exposure. 

Fig. 6. Temperature rise of the metal connnector 
of the sapphire contact probe in saline ( + )  and 
blood (o) in relation to the flush rate. 

C o a g u l u m  enve lop  
After lasing with 1 s, 15 Watts Nd-YAG in 

blood the tip of the sapphire probe was covered 
with a thin coat of coagulated blood elements. 
This envelop extended from the front to only 
halfway the crystal indicating a temperature 
gradient to the distal end of the probe. In contrast, 
a coagulum covered the entire metal laser probe 
and even a part of the connecting cylinder to the 
fiber. 

fig. To 56 days after heat exposure by the metal 
laser probe, intimal profiferation with fibrosis and 
elastin deposition has produced a thick neointima. 
Relatively little thermal damage of the elastin and 
adventitia. Note the disruption of the internal 
elastic lamina due to ablation. 
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DISCUSSION 

Mechanical properties 
During catherisation of the rabbit both the 

metal laser probe and the sapplfire contact probe 
behaved atraumatically. Their rounded shape 
contributed to easy guidance through the vessels. C 
linicaUy, the 2 mm diameter probes are likely to 
dilate the artery as well. In our institute, one third 
of 20 total obstructions in the femoral arteries 
were recanalised with the 2.2 mm rounded 
sapphire contact probe without activating the laser 
(24). It is likely that the influence of mechanical 
remodelling was also substantial in the cases were 
the laser was activated, because energies up to 405 
J are far below the theoretical energies needed for 
total ablation of the volume of the channels 
created. 

The catheter of the sapphire contact probe is 
2.2 mm or 1.8 mm in diameter and incorperates a 
fiber with a total diameter of i mm (0.6 mm core). 
The catheter is rather stiff and can not be 
manoeuvred easily in small vessels and side 
branches. More flexible designs are being 
developed. The metal laser probe type (PLR +)  
we used, on the other hand, consists of a 2 mm 
metal cap on a fiber with a total diameter of 0.5 
mm (0.35 mm core). This configuration makes that 
catheter rather flexibel. It can be introduced in 
small vessels and it can enter side branches. For 
use in human coronary arteries even more flexible 
designs are available now (16,17). 

Optical properties 
From the moment the rounded sapphire 

probes were introduced for laser angioplasty there 
has been discussion about focussing properties of 
the probes. The focussing properties would 
contribute to a more efficient ablation of the 
obstruction (15). The expected focussing 
behaviour in air (n= 1) and water (n= 1.33) is 
based on the large refractive index of sapphire 
(n=1.75). However, the optics of laser light 
propagation is more complicated than the 
standard geometrical optics. The divergence and 
spatial intensity distribution of the beam have also 
to be taken into account. The profdes in figure 1 
b,c show that the focussing effect in air has almost 
vanished in water. This phenomenon and other 
physical properties of the sapphire probes are 
discussed in more detail in a previous publication 
(19). Ray-tracing confirmed the beam profiles as 
photographed in air and water (Verdaasdonk RM, 
unpublished). In water the minor focussing effect 
results in a beam with a small divergence angle 

(about 5 degrees) and a long waist. The beam 
passing the distal sapphire surface with the 
spherical shape had only a i mm diameter, 
whereas the total diameter of the probe is 2.2 mm. 
This explains the crater impression left by the 
probe in tissue (fig. 2). The pit in the middle of 
the crater is due to tissue ablated directly by 
absorption of the beam. The pit diameter 
corresponds with the beam diameter whereas the 
more lateral impression reflects the crystal shape 
and can be considered as a area of remodellation 
due to melting and dehydration by heated 
sapphire. 

In our opinion, the discussion on the 
focussing properties is largely irrelevant because 
the contact probe is to be used in contact with 
tissue. The important parameter is the spot 
diameter and energy density at the surface of the 
sapphire crystal. The Nd-YAG beam 
characteristics are lost when the beam enters the 
tissue due to scattering and absorption. 

Thermal properties 

metal laser probe 
Despite the large number of patients treated 

in peripheral vessels, the working mechanism of 
the metal laser probe is not well understood 
(20,21). In order to measure the temperature of 
the probe a thermocouple was installed in a 
coaxial channel. It is assumed that there was a 
good thermal contact between the thermocouple 
and the metal of the probe and that the 
temperature reading reflects the average 
temperature of the entire probe. This assumption 
is allowed considering the large heat conduction 
of metal resulting in the distribution of the energy 
over the probe within a second. This time is short 
in comparison to the exposure times (5 - 10 s). 

The temperatures measured in different 
probe/tissue contact situations in vitro (Fig. 3) 
provide an indication which temperatures may be 
expected in vivo. When the probe was totally 
surrounded by stationary blood, temperatures 
over 700 *C were reached whereas in water the 
temperature was clamped at boiling temperature 
(100 *C). The excessive temperature rise is 
attributed to the formation of a coagulum envelop 
that surrounds the probe and traps vapour 
bubbles which have highly insulating properties 
(22,25). When the probe was half embedded in 
tissue with blood on the other side, its 
temperature still exceeded 600 ~ In contrast, 
with water on the other side, the temperature of 
the probe remained at 100 *C due to effective heat 
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loss to the water. When the probe was almost 
totally surrounded by tissue its temperature was 
about 560 *C in blood and 500 *C in water due to 
the small percentage of the surface still exposed to 
the water. 

These in vitro probe/tissue contact 
experiments (fig. 3) are comparable to clinical 
recanalisation of a total obstruction. Initially, the 
probe is partially in contact with blood (fig. 3b), 
next it is buried in the obstruction (fig. 3c). 

The nine in vivo temperature measurements 
(figure 4) in the iliac artery of the rabbit show a 
variation in peak temperatures from 70 to 320 ~ 
In spite of the attempt to move the probe during 
heating, probe motion was in some cases hard to 
control due to a combination of adhesion of the 
probe to the wall and/or vessel wall spasm or 
shrinkage. When the probe stuck, it is likely that 
the vessel wall folded itself around the probe and 
the temperature rose steeply resulting in a 
perforation of the vessel. This sequence is 
reflected by curve 1 in figure 4. When sticking did 
not result in perforation, the slow cooling shown 
in curve 2 is attributed to small heat conduction to 
the vessel wall in comparison to the large heat 
conduction of flowing blood. Probably if there was 
sufficient cooling by blood flow and probe motion 
the temperature of the probe remained around 70 
~ These temperature curves are in agreement 
with in vitro temperature measurements of the 
probe in flowing blood as decribed in (22). 

The aim of the in vivo experiment was to 
cause partial ablation of the vessel wall. The 
power settings used (7 watts, 5 s) are comparable 
with clinical application but the thickness of the 
the vessel wall of the iliac arteries of the rabbit is 
only 0.3 mm. Hence transmural coagulation 
necrosis was often found. It is to be expected that 
in the human coronary arteries the same power 
settings may cause similar thermal wall damage. 

The large variation in temperatures (fig. 4) 
suggests that it is hard to control the temperature 
of the probe due to many parameters related to in 
vivo situations like blood flow velocity, vessel 
diameter and probe motion speed. 

Sapphire contact probe 
The thermal properties of the sapphire 

contact probe are related to its optical properties. 
The direct absorption of light by the crystal is far 
smaller than 1 %  (19). The heat generation is 
determined by particles on the surface of the 
probe converting light into heat or by the tissue in 
front of the probe absorbing the light. The heat is 
conducted to the sapphire crystal from those heat 

sources. Measuring the temperature of the crystal 
in water or blood is difficult because it is hard to 
attach thermocouples to the crystal. Looking at 
the probe with a thermocamera can only be done 
in air, a medium with totally different thermal 
properties than water, blood or tissue. Our 
temperature estimates are based upon changes at 
the surface of the probe and the tissue after laser 
exposure. Figure 2 shows the impression of the 
probe in bovine tissue and its surface after 
exposure of 15 watt Nd-YAG for 1 s. The center 
of the probe is clear surrounded by a ring of 
carbonised particles. The inner diameter of the 
black ring corresponds well to the 1 mm spotsize 
of the laser beam at this surface. Within the ring 
the temperature must have been above the 
vaporisation temperature of carbon ( about 300 
*C). The ring itself indicates a temperature region 
in which tissue pyrolyses and molecular bonds are 
broken (between about 100 and 300 *C). Outside 
the ring, the temperature will have been below 
about 160 *C. The tissue showed an ablation 
crater corresponding to the impact of the beam 
and also a carbonisation ring. Outside the black 
ring areas of discoloring are attributed to regions 
of dehydratation (100 *C) and protein 
denaturation ( 45 ~ and up). Thus a large 
temperature gradient from > 300 ~ at the front 
to < 45 ~ at the side existed over the sapphire 
probe. These phenomena and their corresponding 
temperature are discussed in publications on 
ablation of tissue by laser (26,27). Reported 
estimates of sapphire probe temperatures at the 
front surface are as high as 1500 ~ (28). 

The temperature gradient enables directional 
tissue ablation, in contrast to the circumferential 
energy distribution of the metal laser probe. In 
view of safety of the lateral vessel wall the 
temperature of the crystal rim and metal 
connector is of interest. Figure 5 shows a 
temperature rise of 25 *C of the connector in 
water after 20 W Nd-YAG exposure for 2 seconds 
without flushing the interface. Flushing is 
important for the cooling of the connector but 
only little is needed. Figure 6 shows that when a 
flush (from 1 ml/min) is present, the temperature 
rise is almost indepent from the flush rate. The 
flush is necessary, however, to prevent blood from 
entering and polluting the interface. This would 
result in vapour formation in the interface, heating 
the metal connector to about 100 ~ We 
recommend a flush rate of at least 5 ml/min to 
ensure that the interface will not be polluted by 
blood. Energy absorption by blood just in front of 
the probe is responsible for the difference in 
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temperature rise of the probe in water and in 
blood ( about 25 ~ ). After using the probe in a 
blood or a tissue environment, adhesion of 
particles on the probe surface as shown in figure 2 
resulted in augmented absorption at its surface 
that caused a higher temperature rise of the 
crystal and connector. When the sapphire probe is 
used several times without cleaning, it will lose its 
large lateral temperature gradient and will start to 
act like a metal laser probe. 

Coagulum envelop 
The existence of a temperature gradient over 

the sapphire probe surface is illustrated by a 
coagulum on the top of the probe that extends to 
about halfway the crystal. The metal laser probe, 
on the other hand, was covered entirely by the 
coagulum. The envelop of denatured blood 
elements could be rubbed off with shear stress and 
may have embolic potential (29). Infarctions have 
been observed during the first day of coronary 
procedures with the metal laser probe (17) but 
there was no evidence of embolisation. 

Wall Healing 
The arterial wall coped remarkably well with 

transmural thermal damage and remained 
functionally intact for up to 8 weeks (23). This 
observation is in accordance with a recent report 
on vessel wall healing after thermal laser 
angioplasty (30). 

CONCLUSIONS 

In view of implications for safety for the metal 
laser probe and sapphire contact probe, 
directional control of the energy delivery to the 
tissue is important. The sapphire contact probe 
delivers its energy in a relatively confined volume 
in front of the probe and limits the radial energy 
delivery whereas the metal laser probe delivers its 
energy in all directions. Consequently, a correct 
correct coaxial position is important when using 
the sapphire contact probe, whereas continuous 
motion is important when using the metal laser 
probe. 
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