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Jrigin of Arieriai Wali Dissections Induced by Pulsed Sxcimer and
Mid-Infrared Laser Ablation in the Pig

TON G. van LEEUWEN, MSc, LIESELOTTE van ERVEN, MD, JOHN H. MEERTENS,
MASSOUD MOTAMEDI, PHD,* MARK J. PGST, MD, FuD,i

CORNELIUS BORST, MD, PuD, FACC
Utrecht, The Netherlands and Galveston, Texas

To study adjacent tissue damage after delivery of holminm,
thulivm and excimer laser pulses, porcite thoracic avrias were
irradiated in vivo. After 3 days, microscopic analysis of 67 craters
produced by all three lasers demonstrated large dissections ex-
tending from the craters, The mean diameter of the dissections
was smaller for excimer-induzed craters (1.38 £ .42 mm; n = 22)
than for holmivm-induced (2.7 = 0.87 mm; n = 22) and thulium-
induced (237 £ 042 mm; n = I4) craters (p < 0.01 vs.
id-infrared di In addition, pic analysis dem-
onstrated mecrosis sdjacent to the crater. The lateral necrotic
zones of the thulium-induced craters were smaller than the
holminm- and excimer-induced necrotic zones (p < 0.01),
To identify the origin of the excessive tissue tearing, laser-

saline and ). tissue i were pared in vitro by
iime-resoived flash photography. in safine solution, tie mid-
infraved lasers showed bubble formation on a microsecond time
scale, The excimer laser produced similar bubbles in the vicinity
of tissue, For all three lasers, elevation of the tissue surface was
shown during in vitro ablation. Dinenston (diameter up to 4 mm)
and time course (rise time of 100 to 300 ps) of bubble formation
and tissue elevation were strikingly similar,

Thus, tissue dissections are caused by the expansion of a vapor
buk3le within the target tissue. Caronary dissections after excimer
and mid-infrared laser angioplasty might be related to the forceful
bubble expansion.

(J Am Coll Cardiol 1992;19:1610-8)

The ability to deliver laser light through fiexible fibers has led
to the intravascalar use of laser energy. Laser angioplasty
has the potential to support or substitne for balloon angio-
plasty. The development of coronary laser angioplasty has
focused on the use of the xenon chloride (XeCl) excimer
laser (A = 308 nm) {I1-3) because this pulsed laser was
reported {4) lo be capable of precise tissue ablation with
minimal adjacent tissue injury. Recent in vitro studies (5,6),
however, demonstrated that the ablation process with exci-
mer lasers is quite violent, which might explain the high
incidence of dissections (although not flow limiting) after
coronary laser angioplasty (7). In view of these findings, Neu
et al. {8) made the important observation that during non-
contact excimer ablation of aorta submerged in saline solu-
iion, a bubble formed on top of the tissue and cxpanded and
collapsed within 200 us. We reported (9,10) a similar phe-
nome:ion for the pulsed holmium laser interaction with
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salins solution and suggested that the rapid expansion of a
water vapor bubble within the tissue might induce arterial
wall dissections.

The ultraviolet light emitted by the excimer laser is
strongly absorbed by protein molecules and nucleic acids
(attennation coefficient >10 mm™") (11). In contrast, raid-
infrared laser light (A = 1.9 to 2.1 um) is strongly ab-
sorbed by water molecules. Thus, effective tissue ablation
by pulsed mid-infrared lasers is achieved with little thermal
damage to adjacenl tissue (12-15). Mid-infrared lasers
are solid state lasers that are inexpensive, reliable and
casy to operate. For these reasoms, they may offer an
alternative to the excimer laser for coronmary laser angio-
plasty (16). An advantage of the thulium:yttrium-aluminum-
garnet (YAG) laser over the holmium:ylirium-laser may
be the larger absorption coefficient of laser energy in water
(6 vs. 3mm™", respectively) (10). Different tissue absorption
coefficients for the excimer and mid-infrared laser light are
expressed in the clinically used laser variables (2,16} (for
example, repetition rate and fluence). The extent of the
adjacent tissue damage will also depend on the variables
used.

The aim of this study was to compare the extent of
adjacent mechanical and thermal tissue damage in the form
of disseciions and necrosis caused by mid-infrared (hol-
mivm:yttrium-scandium-gallium-garnet (YSGG) A =
2.09 pm] and thulum:YAG [A = 2.01 pm]) laser and
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ultraviolet (XeCl excimer) laser ablation in vivo. In addition,
we atiempted to determine the mechanism respousible for
the tissue ruptures reported (9 A7) after mid-infrared
laser ablation of aortic tissue in vitrc.

Methods

Laser sources and delivery fibers. The experiments were
perfoimed with a mid-infrared laser (SchwartzElectroOptics)
supplied with a holmium:YSGG (A = 2.02 um) or thulium:

AG (A = 2.01 um) laser rod and a XeCl excimer (A =
308 nm) taser {Technolas MAX-10). The mid-infrared and
ultraviolet iaser pulses were detected with a fast pyroelectric
element (Molectron Detector, P3-01) incorporated in a cir-
cuit with a rise time of 10 ns. The holmium laser pilse
consisted of a 500-s tong series of s spikes. The thulium
faser pulse consisted of a 300-us long series of about 22 laser
spikes of 10 to 25 ps each. The full widln at half maximum
for both miv-infrared laser pulses was 200 ps. The length of
the excimer laser pulse was {15 ns.

Duwing in vivo experiments, the mid-infrared laser pulses
were coupled into a low hydroxyl (OH) silica fiber (320-zm
core diameter) with 2 |-mm large aperture tip (Advanced
Cardiovascular Systems). This lensed riber tip expanded the
laser beam over the entire front surface of the tip (18).
During in vitro experiments, the pulse energy at the barc
fiber tip (320-um diameter) was varied from 100 to 700 mJ.
resulting in fluences (energy per unit of area) at the fiber tip
of 1.2 to 8.7 ¥mm®. To determine the effect of fluence,
experiments were performed with a 600-um diameter bare
fiber tip. The energy was varied from 200 to 500 mJ¥/pulse
(fluences 0.7 to 1.8 imm?).

The low OH silica fibers used for optimal transmission of
mid-infrared laser light were not appropriate for the excimer
laser studies. To obtain in vivo resuits comparable with
those of the I-mm large aperture tip, the excimer laser pulses
were coupled into a 900-pzm diameter fiber with a 1.25-mm

ball tip, as described previously (19). In vitro
experiments were performed with a 900-um diameter bare
fiber. The energy was varied from 13 to 40 m¥/pulse (fluences
20 t0 63 m/mm?).

In Vivo Experimenis

Throughout the course of the experiment, animal care
conformed to the **Position of the American Heart Associ-
ation on Research Animal Use™ adopted November 11,
1984.

Surgical procedure, Thirteen normal female Yorkshire-
land race pigs weighing 28 to 40 kg were used in this study.
After induction of anesthesia with Stresnil (azaperone,
3 mp/kg body weight) and Hypnodil (metomidate, 4 mg/kg),
pigs were ventilated by means of a serva respirator with a
mixture of oxygen and nitrous oxide with halothane (1% to
2%) added. The pigs received 1U0 1U/kg of heparin, Arterial
blood pressure, heart rate and 2a electrocardiogram were
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continuously recorded during the operation and arterial
blood gases were measured regularly. After a left thoracot-
amy in the fourth intercostal the superior lobe of the
lefi lung was collapsed and the upper portica of the descend-
ing aorta was dissected over 6 to 7 cm. The aoria was
cross-ciamped and incised iongitudinaily over 4 cm 10 ¢x-
pose the intimal surface. After laser irradiation, the incision
was closed with a continuous suture of 5-$ prolene and the
clamp was gradually removed from the aorta to ~estore the
body circulation without a severe decrease in blood pressure.
Duriag clamping, nitroprusside wes infused at 0.3 mg/min, Just
before unclamping, nitroprusside was replaced by a dubn-
tamine infusion (0.1 to 9.02 mg/min). The therax was closed
and the lung was expanded.

Laser irradiation. The laser variables necded to create
lesions with a depth of 0.7 to 1 mm were chosen in accor-
dance with prior in vitro dosimetry studies. M:d-nfrared
laser-induced craters were produced by either two consec-
utive holmium laser pulses of 500 mJ (peak fluence 1.8 Ymm?
per pulse, calculated by ray-tracing [19) or two thulium
laser pulses of 250 mJ (0.9 J/mm? per pulse) (19) through the
{-mm aperture tip. The repetition frequency was 1 Hz.
Ultraviolet laser-induced craters were produced by 10 to
15 excimer laser pulses of 25 mJ (39 m¥/mm?) delivered
through the 1.25.mm ball tip at 10 Hz. During the in vivo
experiments, the fiber tip was clamped in a steelyard to
deliver and record a force of 0.5 N (50 g) perpendicular to the
lumen side of the aorta. The fiber tip was in contact with the
target tissue, which was submerged in a layer of saline
solution. The energy at the fiber tips was measured by an
external power meter before and after the surgical proce-
dure.

Sacrifice and microscopic evaluation. Animals were killed
3 days after the operation after use of the same surgical
approach just described. The aorta was punctured and
clamped just proximal and distal to the segment containing
the lesions. The segment containing the lesions was isolated
and rinsed with a saliae infusion, followed by perfusicn-
fixation for 2 h with 4% formalin, beth at physiologic
pressure. After the aorta was clamped, the animals were
killed with intracardiac potassium chloride (20 mmol).

Afiter excision and postfixation for 224 h, the lesions
were processed for light microscopy. Transverse sections of
the lesions were cut serially at intervals of 80 um and stained
with hematoxylin-eosin. Selected sections were also stained
with elastin van Gieson. In the section containing the max-
imal lesion, the extent of the induced damage and necrosis
was measured microscopically with a calibrated eyepiece.
Wail necrosis was identified by the absence of cell aucleus
staining in the hematoxylir-esin s2ction.

In Vitro Experiments

The mlemcnon of the laser pulses with salme solution or
tissue was d with time ived flash ph
phy, as described previously (9). At an ad]ustable period of
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time after the start of the laser pulse, a flash lamp was
triggered. Daring the light flash (25 us), the charged control
device chip of the video camera was exposed, freezing fast
ablation and evaporation processes at appropriate
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ter wall that ran parallel to the intimal surface (Fig. 1). All
three lasers produced these dissections, which were clearly
visible by the dark stairing of bioou hiling he dissections,

Laser-saline solution interaction. A previous study {10}
demonstrated that a water vapor bubble formed during hol-
mium and thulium laser interaction with fluid. With the 320-um
diameter bare fiber tip submerged in saline solution, the diam-
eter of the bubble was measured as a function of the delivered
energy (100 to 700 ml/pulse). Because of the low absorption of
cxcimer iascr light by water, no vapor bubble forms. However,
if an absorber for the excimer laser light is present (for
example, hemcglobin or tissue), bubble formation is possible,
as described by Isner et al. (20) and van Lecuwen et al. (9).

Laser-tiss:ie interaction: mid-infrared laser. We antici-
pated that vanor bubbies would form within tissue and could
be observed as a tissue surface elevation during irradiation.
To visualize the postulated rise of the intimal surface of
porcing aorta, the surface was photographed at a 10° grazing
angle. The barz fiber tip was positioned perpendicular to and
in light contac with the target tissue, which was submerged
in saline solution. The maximal diameter and height of the
elevated tissue zone during the first, second and third laser
pulses were measured as a function of the delivered energy
of the holminm laser pulse (100 to 700 ml/pulse, 1.2 to
8.7 Jimm?).

To extrapolate the energies delivered by the 320-pum
diameter fiber to clinically used fluences, holmium laser
experiments were performed at equal energy per pulse
with fiber tips of different sizes. Tissue elevation was mea-
sured with a 630-pum diameter fiber tip (200 to 500 m¥/pulse,
0.7 to 1.8 J/mm?) and with the i-mm large aperture tip
500 m/pulse, peak fluence 1.8 Jimm?). To determine
whetner tissue water or water from the saline environment
was vaporized during the pulse, experimenis were also
performed in air.

Laser-tissue interaction: excimer laser. No vapor bubble
was formed by interaction of the laser light and saline
solution. Therefore, the effect of the excimer laser pulse on
porcine aorta was compared in light contact (no force) and in
force contact. In the latter, the bare fiber tip was positioned
perpeadicular to the tissue with a furce ol 0.1 N (10 g). The
laser energy delivered through a 900-pm diameter fiber was
varied from 13 to 40 mJ/pulse (20 to 63 mi/mm?).

Statistical analysis. Data are presented as mean values =
SD. Mean values were compared by using one-way analysis
of variance, Pairs of groups that differed significantly were
denoted by + Duncan proccdure, Differences were consid-
ered significant at p < 0.05.

Results
In Vivo Experiments

Dissections and craters. Microscopic analysis of laser-
induced craters showed dissections exlending from the ¢ra-

The di of the di including the crater width,
was larger for the mid-infrared laser than for the excimer
laser (p < 0.01) (Table 1). There was no correlation between
the depth of the crater and the diameter of the dissections.
The craters were partly filled with thrombus, containing
leukocytes and erythrocytes.

Necrotic zone. Adjacent to the crater, a zone of necrotic
tissue was observed. The thickness of the necrotic zone
depended on the taser used. The rank order for the thickness
of the necrotic zone at the botiom of the crater was: excimer
< thulium < holmium (p < 0.01). The thickness of the
necretic zone lateral to the crater was smaller for the thulium
laser than for the holmium and the excimer laser (p < 0.01}.
For all lasers, little necrosis (<40 pm) was observed in the
tissue bordering the dissections. The dimensions of the
craters, the di and the ic Zones are p d
in Table 1.

In Vitro Experiments

Laser-saline solution interaction: mid-infrared laser. In
saline: solution during a holmium and thulium laser pulse, a
water vapor bubble was formed around the fiber tip. The
bubble reached its maximal volume at 200 to 300 ps aiter
the start of the laser pulse. After collapse (at 300 to 500 us),
the bublble again expanded and finally collapsed at about
600 to 900 us. The bubble was pear-shaped (Fig. 2, top).
The maximal diameter of the holmivm-induced bubble
increased with increasing energy (Fig. 3). In saline
solution, the diameter of the bubble created by a 500-mJ
holmium and 250-m] thulivm iaser pulse through ihe large
aperiure tip was 3 £ 0.1 (n = 3}and 3.5 = 0.1 mm (n = 3),
respectively.

Laser-tissue interaction: mid-inirared laser. With the
320-um diameter bare fiber tip in contact with the intimal
surface of porcine aorta, an increase in tissue height was
observed during and after delivery of the holmium and the
thulium laser pulse. Figure 2 illustrates the relation, in time
and size, between tissue elevation and the expansion of the
vapor bubble in saline solution for a holmium laser puise.
The maximal diameter and height of the tissue elevation
were reached at approximately 300 to 400 us. The collapse of
the tissue at 2 to 3 ms, however, was slower and later than
the collapse of the vapor bubble in saline solution. Because
of sticking of the aortic tissue to the 320-pm diameter fiber,
the tissue did not return to its original position (Fig. 2,
bottom).

During one holmium laser pulse, both the maximal height
and the di of the el d surface i d with the
delivered energy (Fig. 3). In addition, the diameter of the
elevated zone increased during the second consecutive laser
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pulse. An apparent steady state was reached at the third
pulse (Fig. 4).

Delivering a 200- to 500-m} holmium laser pulse through
a600-um instead of a 320-ym diameter fiber caused a fluence
decrease by a facter of 3.5. However, the maximal diameter
of the elevated tissue decreased by a factor of only 1.25 (Fig.
3). The maximal diameler of the elevated tissue due to the
first and second 508-mJ holmium laser puise defivered
through the large aperture tip was 1.8 = 0.3 (a = 10) and
24 = 0.2 (n = 10) mm, respectively. Tissue elevation
measurements were not repeated with the thulium laser
pulses delivered through the 600-um diameter fiber and large
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Figure L. i ic seclions Yy i
stain) of craters and adjacent wall damage in porcine aorta after
3 days of survival (A, B and € x50; D %320, al: reduced by 28%).
The disscctions paraliel to the intimal surface (arrows) are identified
by the dark staining of red blood cells. Note the necrotic zone (n) at
the bottom of the crater in A and B and lateral to all cratess. A,
Crater after Iwo consecutive hotmium laser pulses (500 mJ/pulse.
| Hz, |-mm diameter large aperure fiber tip, bar = 300 pum). B,
Crater after two consecutive thulium laser pulses (250 mJ/pulse,
[ Hz, [-mm diameter {arge aperwre fiber tip, bar = 300 pm). C,
Crater after 15 excimer laser pulses (25 m)/pulse, 10 Hz, 1.23-mm
diameter ball tip on a 900-um diameter fiber, bar = 300 um). D, High
power photomicrograph of the edge of the excimer-induced crater
shown in C, Note the red blaod cells in the dissections (bar =
5¢ pm).
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Table 1. Quantitative Data for Craters After 3 Days of Survival
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Cater Sire fnem)

Necrotic Zone (mm)

Diameter (mm) of the

Laser Type No. Depth Width Bottom (no.) Lateral (no.) Dissections (no.)
Holmium 29 0.96 + 0.28 095+ 0.36 0.43 £ 0.15(20) 2 0.36 £0.21 24) 2 270087220
Thulizm 14 0.67 = 0.13 114 029 031 £0.1() 017 £ 005314 -1 237 £0.42014 x ¥
Excimer 23 0.63 = 0.23 0.69 £ 0.16 0.08 = 0.0523) 0.35 0.09 23 138041020

*Statistically significant difference (p < €.01). All dala arc shown as mean value = SD. Numbers in parentheses represent the number of measurements made.

aperture tip. For both lasers, intimal surface elevation was
observed in air as well as in saline solution.

Laser-tissue interaction: excimer laser. The interaclion
between the excimer laser pulse and aorta in light contact
mode showed a hemispheric vapor bubble on top of the
tissue surface (Fig. 5, top). For a 34-mJ excimer laser pulse
delivered through a 900-um diameter bare fiber tip, the
maximal diameter of this bubble was 2.5 * 0.2 mm (n = 8).
The maximal volume was reached at 100 us. After collapse
at 200 ps, the bubble expanded again and finally collapsed.
Some small bubbles remained long after the pulse and rose to
the surface of the saline solution.

With the fiber tip in contact with tissue with a force of
0.L N (10 g}, the hemispheric bubble was observed only
during the st 5 to 10 laser pulses. As soon as the fiber tip had
penetrated into the tissue, visible bubble formation was

Figure 2. Pholographs of the holmium laser-saline solution (tap) and
holmium laser-tissue (bottom) interaction before, during and after
delivery of the 500-mJ holmium laser pulse. With the 320-um
diameter fiber tip submerged in saline solution (top), a pear-shaped
water vapor bubble is formed. With the fiber tip in light conlact with
the porcine aorta submerged in saiine solution (bottomy, correspond-
ing tissue clevation is observed ‘bar = 1 mm).

replaced by tissue elevation (Fig. 5, bottom). At approxi-
mately 100 ps, the maximal diameter of tissue elevation was
reached. The tissue retorned to its position at 400 to 500 ps.
A vapor bubble that escaped through the interface of fiber
and tissue at 100 ps did not dissolve.

The relation between the delivered energy per pulse
through the 900-um diameter fiber and the diameter of the
hemispheric vapor bubbles and tissue elevations is presented
in Figure 6. Both the vapor bubble and tissue elevation
increased with increasing energy.

Discussion

The aim of this study was to compare the extent of
adjacent tissue damage (mechanical and thermal) caused by
mid-infrared and ultraviolet tases ablation in vivo and deter-
mine the mechanism responsible for the tissue ruptures
reported after in vitro mid-infrared laser ablation of aortic
tissue. Our principal findings were that both mid-infrared
(holmium and thulium) and ultraviolet (XeCl excimer) laser
ablation cause 1) adjacent tissue uamage in the torm of
dissections extending over 1 mm from the crater wall and a
lateral necrotic zone extending several hundred micrometers

control before 100 us 200 us

control after
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Figure 3. Maximal diameter of a vapor bubble induced in saline
solution (@) by holmium laser pulses and maximal diameter (B) and
height (#) of the etevated intimal surface of porcine aorta at the first
pulse as 1 function of the holmium energy delivered per pulse
thiough a 320-pm bare fiter tip. Maximal diameters of the surface
thut was elevated by delivery of a 200- 10 500-mJ holmium laser
pulse through a 600-gm bare fiber up are inserted (). All data are
shown as mean value = SD (n = 8 per point).

in the surrounding tissue, and 2) large vapor bubbles. The
expansion of a vapor bubble within tissue was deduced from
tissue surface elevation.

Adjacent tissue d All three lasers pro-
duced considerable adjacent tissue damage, with minor
differences among the lasers. The most striking ph
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Figure 4. Maximal diameter of the clevated intimal surface of
porcine aorta after delivery of one, two and three holmium laser
pulses. Laser pulses were delivered in saline solution through a
320-pm diameter bare fiber tip.

mid-infrared laser, tissue elevation was also observed in an
air environment, indicating that it is tissue water rather than
sur ling water that is d. The chr h for
ultraviolet laser abtation are protein and nucleic acids, not
water. We speculate that the origin of the excimer laser-
induced bubble is lwofold f) tissue pyrolysis pmduces
volatile short chain hydrocart (for pe

acelylene and ethane) (23, and 2) the hot crater surface

was the presence of dissections in the aortic wall. The size of
ihese dissections may be exaggerated in this study because
the craters were produced perpendicular to the intimal
surface of the thoracic aorta and the dissections might be

created more easily ¢ its elastic lamellae than in

heat to neighb water that evaporates (11).
Tissue dissections have been attributed to acoustic dam-
age by shock waves (with velocities >1,500 mv/s) caused by
the absorption of high peak power lfaser pulses (17). From
the temporal course of the tissue elevation, however, we

far arteries. Prel y findings suggest that the
mechanical properties of the tissue may affect the extent but
not the presence of the surface elevation and the tissue
tearing. In this respect, it is interesting that dissections,
although not flow limiting, are a relatively frequent compli-
cation of excimer and holmium laser angioplasty, with
reported incidence rates of 12.1% and 28%, respectively
(1,22).

We infer that the dissections are due to the forceful
expansion of a vapor bubble within tissue when pulsed lasers
are used. First, we observed zissue elevation during in vitro
ablation of tissue as the missing link between the bubbles
seen in saline solution and blood and the aortic wall dissec-
tions observed in vivo. The di their depend on

that the tissue elevation velocity was 10 to 30 m/s.
As a result, tissue elevation cannot he due to a shock wave.
In a previous study (9), we measured only small acoustic
signals at the start of the holmium laser pulse. The most
intense signals in satine solution were recorded at the tfme of
collapse of the bubble. In the present study, the lifetime of
the tissue elevation was increas2d compared with the life-
time of the vapor bubble, indicating thai the bubble coilapse
was retarded by the surrounding tissue (24). These findings,
the onset of tissue elevation just after the start of the laser
pulse and the spatial and temporai correspondence of the
tissue elevation with the bubble formation in saline solution
ted to the conclusion that vapor bubble expansion within the
tissue causes tissue elevation and dissections. This view is in

pulse energy and «emporal course were strikingly similar for
bubble formation and tissue elevaticn. Moreover, the diam-
eters of the dissections, although subject to a large variation,
were in accordance with the diameters of the bubbles and
tissue elevation (Table 2). Second, although the mechanism
of bubble formation is different for the infrared and ultravi-
olet lasers, the phenomena observed are similar. For the

t with the recent observations of Chen and Is-
raelachvili (25), who demonstrated that damage could also
resuli during the formation of a bubble.

Vapor bubbles are likely to nccur in the clinicat situation
because alt three lasers produce these bubbles in blood.
Moreover, Gijsbers et al. {6) reported that vapor bubble
formation is not avoided with a long (220-ns) excimer faser
pulse.
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50 us

control before

300 us control after

control before

i 200 us 250 us

fved ph

Figure 5. Til of the § between a
34-m] (53-mJ/mm’) excimer laser pulse in light contact mode (tog)
and with the 900-um diameter fiber tip buried in the porcine aorta as
a result of force contact (0.1 N} (bottom) (bar = 1 mm).

Apart {rom the expanding and imploding bubbles, we
observed long-lived bubbles. We speculate that their con-
tents are volatile short chain hydrocarbons, as described by
Clarke et al, (23), The clinical effects of the long-lived vapor
bubbies, which were only observed after excimer laser
ablation, remain to be studied.

Adjacent tissue damage: necrosis, Although the craters
produced in vivo in the thoracic aorta of the pig were
intentionally simiiar for the three lasers, some differences
were observed in the amount of necrosis surrounding the
craters. The lateral necrotic zone was larger for the holmi

150 us

control after

300 us

thulium laser light (0.16 mm) compared with that of holmium
laser light (0.33 mm) (10). The smaller penetration depth
resulted in a reduced zone of nonablative laser energy and
may be ad for clinical appl because the
lateral zome is the remaining part of the tissue after laser

ioplasty. The thick of the ic zone at the bottom
of the crater is in accordance with measurements for hol-
mium- and thulium-induced craters reported by Nishioka
and Domankevitz (12).

The necrotic zone at the bottom of the crater was minimal
for the excimer taser compared with that of the mid-infrared
laser. In contrast, the thickress of the necrotic zone at the
lateral side of the crater was significaatly larger (p < 0.01)
than that for the thulium laser. This relatively large lateral
necrotic zone after excimer ablation is probably due to heat

than for the thulium laser (Table 1), an observation that
corresponds to the smaller penetration depth in waler of

by multiple laser pulses. In air, Gijshers et al.
(26) recorded an increase in tissue temperature up to 66 =
7°C after excimer ablation of porcine aorta in vitro at 20 Hz.
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nied by vapor bubble expansion into the tissue, leading to
substantial dissections. Although the size of the dissections
with the excimer laser were smualler thaa with the infrared
laser. they were prominent. Increasing the power, to ablate
calcified plaque for instance, will also increase the dissection
size. The creation of dissections and adjacent tissue necrosis
during clinical application of these lasers in human athero-
sclerotic arteries remains to be demonstrated. 1t is likely that
both the mid-infrared laser pulse (due to absorption by
water) and the excimer laser pulse {due to absorption by
h 1 and protzins) will induce bubble formation in

0] 10 20 20 40

energy [mJ/puisel]

Figure 6. Maximal diameter of the hemispheric vapor bubble in-
duced by excimer laser pulses on the intimal side of porcine 2orta as
a function of the delivered energy per pulse (®). Laser pulses (13 to
40 mJ/pulse) were delivered in saline solution by a 900-um diameter
fiber (20 to 63 mJ/mm?) in light contact with the tissue. Maximal
diameter of tissv= elevation as a function of the delivered energy at
the fiber tip (W). Laser pulses were delivered through a $09-um
diameter fiber tip in force contact (0.1 N) with porcine aorta. All
data are shown as mean value + SD (n = 10).

These findings suggest that not only the difference in tissue
absorption coefficients, but also the difference in the laser
iables might have infl d the extent of adj tissue

blood and tissue. The expanding vapor bubble, however,
will seek the path of least resistance and it is conceivable
that this path is the cleavage plane between the plague and
the media. The relatively high incidence cf dis:
reflect in vivo bubble expansion (7).

Conclusions. During tlissue ablation, mid-infrared (ho!-
mium and thulium) lasers as well as ultraviolet (excimer)
lasers create a vapor bubble that may expand into adjacent
tissue. The forceful expansion of this bubble induces me-
chanical damage in adjacent tissue in the form of dissections.
Whelher these bubbles are related to the relatively high

id of coronary 4 ions after excimer and mid-
infrared laser angioplasty and whether these Jissections
affect the acute results and subsequent wall healing (veste-
nosis rate) remain to be studied.

damage.
Relation between fluence and bubble formation. To mini-
mize the influence of the fiber tip on the tissue elevation (for
cxample, by friction), almost all mid-infrared experiments
veers performed with small diameter fiber tips in light contact
with the tissee. Consequently, the fluence (1.2 to 8.7 lm?
per pulse) was high compared with that used in clinical
mid-infrared laser angioplasty (300 to 500 m¥/pulse, 0.5 to
0.8 J/mm?) (16). The experiments performed with a 600-um
diameter fiber demonstrated that changes in fluence had
relatively little effect on bubble di and the di

‘We thank Rudolf Verdzasdonk and Geest Giisbers for frvitful discussion and
Evelyn Velema for histologic and biolechnical assistance.
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