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ABSTRAC'F

Optically modified fiber tips are under investigation ox already in use clinically for the recanalization of
totallyocciuded arteries. It has not been determined to what extent their mechanism of action is optical, thermal
and mechanical. We studied a 2.2 mm diameter, rounded Sapphire Contact Probe (SLT, MTR 1.5) and a 1.5
mm diameter ball-shaped fiber (ACS) coupled to a continuous wave Nd-YAG laser using 1 second pulses. The
probes were positioned perpendicular to homogeneous porcine fatty tissue samples in plasma using preset axial
forces. Penetration depth per pulse and temperature of the collar of the probes were measured in relation to
the force. Starting with new, clean probes no tissue penetration was achieved using forces up to the equivalent
of 105 gr and powers up to 25 W for 10 s. On purpose, the probes where exposed to high powers in plasma until
a coagulum was formed on the tip. After cleaning, a ring of carbonized particles deposited on the surface of
the probe bordered the exit window of the beam on the tip. The power absorbed by the probes increased from
5 to 32 %. Tissue penetration with 'dirty' probes was force dependent. For sapphire contact probes it was 1.2
- 2.9 mm/pulse (1 mm diameter spot, 15 W, 1 s) in the force range of 23 - 105 gr. For the ball shaped fibers it
was 2.7 10 mm/pulse (0.4 mm diameter spot, 10 W, 1 s) in force range of 23 - 35 gr. The optically modified
fiber tips studied did not penetrate tissue by absorption of the Nd-YAG beam by the tissue only. Tissue
penetration started when part of the laser beam was absorbed by pollution on the surface of the probe creating
a 'hot tip'. Tissue penetration was force dependent due to the smaller diameter of the ablative beam in
comparison to the diameter of the probe. Thus, the recanalization mechanism of both probes is partly
mechanical.

1. INTRODUCTION

Laser angioplasty by means of optically modified fiber tips has become an accepted procedure to recanalize
totally occluded peripheral arteries 13•Incoronary arteries, laser angioplasty is being evaluated Theworking
mechanism of the optically modified fiber tips such as sapphire contact probes and ball shaped fibers is
considered to be a combination of mechanical and thermal effects67 The atraumatic round shaped probes can
be used to push the atheroma aside without the use of laserenergy and the chance of mechanical perforation
8 This is the way recanalization was performed by Dotter in 1964 .when the structure of the obstruction is
too tight to push through, moderate heating of the tissue may help to remodel. If the obstruction still does not
give way, tissue temperatures around 100 °C will vaporize the water compound in the tissue and higher
temperatures will ablate the solid compounds of the tissue creating a channel. The tissue is heated either by
direct absorption of light or by heat conduction from the hot surface of the probe. The mechanism of
recanalization will depend on the laser parameters, the optical properties of the tissue, the structure of the
obstruction, the shape of the probe, the temperature (gradient) of the probe and force exerted by the probe
on the tissue. It is unknown to what extent mechanical and thermal effects are contributing to tissue penetration
by sapphire contact probes and ball-shaped fibers. The aim of this study was to determine the relation between
probe temperature, exerted force and probe displacement.

SPIE Vol. 1201 Optical Fibers in Medicine V (1990) / 129

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 16 Jan 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



2. METHODS

2.1 Optically modified probes
The experiments were performed with 2.2 mm diameter, hemispherical Sapphire Contact Probes (model

MTh 1.5, Surgical Laser Technologies, Malvern, Pa, USA) and 1.5 mm diameter ball shaped fibers (Advanced
Cardiovascular Systems, Santa Clara, Ca, USA). The sapphire probe is positioned in front of a 0.6 mm diameter
silica fiber by means of a metal connector. The interface between the fiber and the distal surface of the probe
was flushed with saline (1 mi/mm). The ball shaped fiber consists of a silica ball fused to a 0.32 mm diameter
fiber. A metal collar around the fiber just behind the ball facilitates support and fluorescopic guidance. A
schematic diagram of the probes is shown in figure 1.
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Figure 1. Schematic diagram oftwo modified fiber tips. Leftpanel, Sapphire Contact Probe, MTR 1.5,
(SurgicalLaser Technologies). Rightpanel, 1.5 mm diameter ballshapedfiber (Advanced Cardiovascular
Systems). The beam shapes are drawn assuming a water environment.

2.2 Laser protocol
The fibers were coupled to a continuous wave Nd:YAG laser (stabilized Medilas II, MBB, FRG). Tissue

penetration was performed with 1 second pulses. In case of the sapphire probes 14 W was used resulting in an
average power density of 18 W/mm2 over the 1 mm diameter spot at the front surface of the 2.2 mm diameter
tip. The ball shaped fibers were used with a power of 10 W resulting in an average power density of 80 W/mm2
over the 0.4 mm diameter spot at the front surface of the 1.5 mm diameter probe. In order to create 'dirty'
probes, the clean probes were exposed in plasma with powers up to 35 W for tens of seconds.

2.3 Model tissue
Subcutaneous porcine fatty tissue was chosen as the tissue model because it is fairly homogeneous, easy to

obtain and it is assumed that its optical, thermal and mechanical properties resemble fatty plaque. The tissue
penetration measurements described below required a reasonable homogeneity of a thick tissue sample.
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2.4 Absorption
To measure changes in absorption by the probes themseif the power output was measured. To prevent

damage due to heating in air, the probes were positioned about 1 mm perpendicular from the transparant
bottom of a cup filled with water. During exposure the laser beam shined through the bottom into a power
meter underneath. The output power was compared with the output power from an identical bare fiber without
the probe to determine the amount of energy absorbed by the probe.

2.5 Temperature ofprobe collar
To have an indication of the temperatures of the probes attained during laser exposure, the temperature

was measured by means ofa thermocouple (type K, 0.3 mm diameter) positioned on the metal collarjust behind
the tip as show in figure 1. Temperatures were measured during exposure in both saline and plasma at pulse
widths from 1 to 10 s.

Figure 2
Diagram ofthe setupfor tissuepenetration. Probe dL
placemen4 probe temperature and force are recorded
simultaneously while theprobe entrance into the tissue
isfilmed and recorded on video.

A probe was positioned in a guiding rail perpendicular on a tissue sample pinned on a holder. By means of
weights attached to the catheter of the probe, the tip induced a calibrated force on the tissue surface which was
registered by a balance underneath the tissue holder. Tissue and probe were submerged in plasma. A
displacement transducer coaxial with the catheter registered the displacement of the probe. During every run
a tissue sample was exposed to a train of laser pulses until total tissue penetration occurred. During exposure
probe displacement, probe temperature and force were monitored simultaneously. A diagram of the setup is
given in figure 2.

2. 7 Data acquisition and analysis

During a run the output signal ofthe sensors for weight, temperature and displacement were A/D converted
at 20 Hz (Keithley 570 A/D converter) and stored by a personal computer (fig. 2). Penetration velocity was
calculated from the average displacement during one pulse.

2.8 Video recording

During tissue penetration in plasma the phenomena where filmed through an operating microscope and
recorded on video.
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3. RESULTS

3.1 Clean and 'dirly'probes
Starting the penetration experiments with new clean probes, no tissue penetration was achieved using forces

up to the equivalent of 105 gr for sapphire probes and 32 gr for ball shaped fibers and powers up to 25 W for
10 S. The probes only penetrated tissue if traces of carbonization where present at the tip surface. To obtain
this surface condition, the probes were exposed in plasma at powers of 35 W continuously until the plasma in
front of the tip coagulated. From that moment a denatured plasma coat was formed quickly around the probe
and the laser was shut off. Examination ofthe probes revealed a layer ofcoagulated plasma elements that could
be removed easily. A ring of carbonized particles bordered the exit window of the laser beam on the probe
surface as shown in figure 3. The increase in absorption of the probe due to the polluted surface is presented
in table 1. The absorption of a clean probe is 5 - 10 % in comparison to a bare fiber which is assumed to have
no absorption. This figure increased up to 32 % after the formation of the carbon ring.

The maximum temperatures of metal collar of the probe reached with a clean probe and 'dirty' probes in
saline and plasma during 10 s exposure are summarized in table 1. Although the temperature did not exceed
45 °C with either probe condition in saline or clean in plasma starting at room temperature, temperatures up
to 85 °C were measured in plasma when the probe was 'dirty'.

Figure 3
Presence of a ring of carbonized
particles on thesurface ofa 'dirty'
probe. Leftpanel: surface of sap-
phire contactprobe. Right panel:
surface ofballshapedfiber. Note
the clear window in the centre of
the ring that corresponds to the
exit beam spot diameter.

absorption of probes
[%,average +/-error]

maximum temperature collar

[°C,average +1-range]

clean 'dirty'

saline
clean 'dirty'

plasma
clean 'dirty'

contact probe 5+1-3 23+1-3
shaped fiber 9+1-3 32+/-3

35+1-5 50+1-5
35+1-5 40+1-5

- -

35+1-5 80+1-5

3.2 Tissue penetration
After the probes had been made 'dirty', tissue penetration was archieved with 1 second pulses. Figure 4

illustrates the relation between temperature and displacement for both probes. From these graphs the average
displacement per pulse was calculated except for the last pulse. This pulse was omitted because it included
displacement in the plasma after total penetration or in some cases the probe stalled on the last remaining tissue
layer. During tissue penetration, the maximum temperatures attained during exposure were up to 150 °C in
case of sapphire probes and 120 °C in case of ball shaped fibers. The results are summarized in table 2.
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Table 1:Absorption ofprobe and temperature ofcollarmeasuredduringcontinuous exposure in saline and plasma.
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Figure 4: Examples oftheprobe collartemperatureanddisplacementof'dirty'probes. The broken
lines mark the 1 second laserpulses. Leftpanel: sapphire contactprobe duringtissue penetration
with 85 gr axialforce, 15 W. Rightpanel: ball shapedfiber during tissuepenetration with 23gr
axialforce, 10 W.

Table 2: Probe temperature and tissue penetration/pulse.

spot diameter [mm]
power densiy [W/mm]

axialforce [gr]

Sapphire Contact Probe
1.0

18
23 50 85 105

Ball shaped fiber
0.4
80

23 29 35
penetretion/pulse [mm]

st.dev.

temperature f°C]
st.dev.

nwnber ofpulses

1.2 1.8 2.6 2.9
0.6 0.9 0.8 1.7- 130 128 115
-- 19 20 10
16 31 19 25

2.7 7.1 10.0
1.1 2.8 0.0
106 94 90

8 4 0
17 4 3
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4, DISCUSSION

4.1 'dirty'probes
In our experiments, at power settings up to 25 W, the temperatures reached during tissue heating due to

direct light absorption are too low to result in visible tissue water vaporization and tissue ablation creating a
passage for the laser probe. Due to diffused heating and the consequent heat conduction the local temperature
rise seems insufficient for water/tissue ablation. This finding is not in agreement with the ablation threshold for
vascular tissue of5.9 W predicted by using a thermal model that takes the optical penetration depth
for the Nd:YAG wavelength (1.4 mm) and thermal conduction by the tissue into account. The presence of a
water layer on the tissue surface resulting in enhanced thermal conduction could explain this difference.
Another explanation could be that the penetration depth in vascular tissue is different from the tissue used in
our experiment. Besides the optical properties, the penetration depth may also depend on the beam diameter
11 In that case the volume of tissue heated could be larger than assumed resulting in a higher ablation threshold.
The surface temperatures achieved due to absorption by a clean probe itself seem also insufficient to create a
channel in the tissue. Powers up to 35 W for long exposure times (10 s) were required to initiate coagulation
and carbonization of plasma and tissue eventually. After deposition of carbon particles on the probe surface
the absorption of the probe surface increases dramatically resulting in higher probe temperatures. Using the
probe again at lower power levels (15 W) on tissue, the surface of the probe will locally attain temperatures
high enough to initiate carbonization of tissue in contact with the probe. From that moment tissue ablation will
proceed by direct light absorption by the carbonized tissue itself. At the very tip of the probe where the power
density of the extruding beam is highest, the resulting local temperatures are that high that also carbonized
particles are burned leaving a clear window bordering the beam exit (fig. 3).

4.2 Thsue model
Porcine subcutaneous fatty tissue is fairly homogeneous and the mechanical, optical and thermal properties

are assumed to resemble fatty plaque. The properties of human plaque are variable and depend on the age of
the lesion, lipid contents and calcifications. This study provides information on the penetration mechanism of
optically modified fiber tips. The data should not be extrapolated to clinical dosimetry. However, 15 W, 1 s,
Nd:YAG is used clinically in peripheral arteries 2,8 when plaque is heavily calcified, these probes will not
penetrate.

4.3 Probe temperature
The temperature measured at the metal collar of the probes can be used to compare maximum temperature

attained in different conditions (table 2). This temperature only showed the lower boundary ofthe temperature
gradient that existed over the probe during tissue penetration. The maximum temperature at the tip of the
probe can only be estimated. Direct measurement of the temperature at this position by means of a thermo-
couple would influence the measurement due to heating ofthe thermocouple by direct absorption. Non-contact
measurements by means of a thermocamera is not possible in a liquid environment due to absorption of the
heat radiation by the fluid. White light flashes observed at the initiation of tissue carbonization suggest
temperatures that could exceed 1000 °C. For tissue ablation and carbonization temperatures around 300 °C
have been reported 12,13•Thecarbon ring with a clear window suggests the existence of a temperature gradient
with an upper limit exceeding 300 °C at the tip of the probe and with a lower limit of 120 to 150 °C at thecollar
(table 2). This lower limit is high enough for tissue water vaporization but is too low for vaporization of solid
tissue components.
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4.4 Thsue penetration
The probes only penetrated tissue when part of the laser light was absorbed at the tip surface. Tissue

penetration is force dependent confirming that the penetration is partly mechanical.
Although the results of sapphire contact probes and the ball shaped fibers can not be compared directly

because of the difference in diameter, power density and spot size, the difference in penetration per pulse is
striking. Due to the difference in diameter the sapphire probe has to remodel/ablate two times the tissue volume
in comparison to the ball shaped fiber. Also considering the design, the resistance experienced by the sapphire
contact probe catheter having the same diameter (2.2 mm) as the probe is expected to be higher in comparison
to the 0.32 mm diameter fiber forming the catheter behind the 1.5 mm ball tip (fig. 1).

The influence ofmechanical force on the tissue penetration can be understood by looking at the exit window
of the beam at the tip of the probe. The carbonized ring borders the area within which tissue is vaporized and
coincides with the beam diameter (fig. 3). Outside the ring, temperatures are below the carbonization
temperature of tissue. In case of the 2.2 mm diameter sapphire probe the ring had an inner diameter of 1 mm
diameter and in case of the 1.5 mm diameter ball tip the ring had an inner diameter of 0.4 mm. This shows that
a large surface area is left in which solid tissue components were not ablated. The remaining part can only be
penetrated by remodeling. This remodeling proces may consist oftissue dehydration and melting in combination
with force exerted with the probe. This hypothesis ofthe penetration mechanism is supported by the observation
that sometimes the probes did not penetrate the last tissue layerjust before total penetration. While the tissue
in front of the beam was ablated, there was still a tissue membrane left lateral from the exit window of the beam
on the surface of the probe. The temperature rise of this membrane due to conduction of energy dissipated at
the surface of the probe or in the plasma was too low to remodeled the tissue. Only when large forces were
used the membrane would give way so the probe entered the plasma while the tissue recoiled.

5. CONCLUSIONS

Optically modified fiber tips such as the sapphire contact probe and the ball shaped fiber will not penetrate
highly scattering tissue comparable with plaque due to absorption of the Nd-YAG beam by the tissue only.
Tissue penetration starts after initiation of tissue carbonization which is also deposited on the surface of the
probe creating a hot tip. Tissue penetration is force dependent confirming that the pentration mechanism is in
part mechanical. Because the probe diameter is larger then the ablating laser beam, tissue has to be remodeled
during probe penetration.
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