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Abstract. Vapor bubble formation and related pressure tranthe tissue surface and (3) The fiber tip is stuck into the soft
sients during pulsed holmium laser ablation of tissues are suissue and laser pulses are fired while the tip is completely
pected to induce damage. Poly(acrylamide) gel80605%  surrounded by tissue.
water content with a Young’s modulus 6f14-4.6 x 10° Pa This study concentrates on experiments that model the last
served as tissue phantoms to evaluate such effects. Holmiucase. The experimental parameters mimic those used in clini-
laser pulses (wavelength12um, duration:180usFWHM),  cal applications such as discectomy [2, 3] (intervertebral disc
were delivered through 400 argDOm diameter optical surgery) and vitrectomy [4] (surgery on the vitreous body of
fibers inserted into cubes of clear gel. Bubble effects wer¢he eye).
investigated using simultaneous flash micro-videography and Concerns have been raised about the extent of mechani-
pressure recording for radiant exposure2@#382 Jcn?. cal damage that may be produced by free-running holmium
Bubble formation and bubble collapse induced pressurkaser pulses (typicalll200-350us duration). Dissections in
transients were observed regardless of phantom stiffnesgascular tissue during holmium laser angioplasty have been
Bubbles of up to4.2 mm in length were observed in gels reported [5]. Expansion and collapse of a transient bubble
with a Young’s modulus 02.9 x 10° Paat a pulse energy of formed in response to the laser irradiation has been sug-
650 mJ An increase of Young’s modulus (reduction in wa- gested as the cause of the observed dissections [6]. Another
ter content) led to a monotonic reduction of bubble size. Ircause of tissue damage is shockwave generation. Examples
the softest gels, bubble dimensions exceeded those obsena@ mainly found during short pulse (ns-range) laser irradi-
in water. Pressure amplitudes3atnmdecreased fromt00+  ations. Endothelial cell damage observed after Q-switched
1l4bars tol7+ 6 bars with increasing Young's modulus over erbium laser irradiation of the cornea was attributed to the in-
the studied range. Theoretical analysis suggested a major iduced shockwaves [7]. Additionally, damage and killing of
fluence on bubble dynamics of the mass and energy transfeells induced by shockwaves generated by short pulse lasers

through the bubble boundary. have been demonstrated in cell culture experiments [8,9].
Strong mechanical effects are also reported during laser in-
PACS: 42.62.Be; 62.50.+p; 87.45.-k duced cavitation processes. Shockwaves induced at the col-

lapse of bubbles generated by microsecond duration lasers are
known to fragment kidney stones [10, 11].
In many medical applications where laser energy is delivered Several groups have observed that pressure transients are
via a fiber optic, the goal is the removal of tissue with mini-produced during underwater free-running holmium laser irra-
mal damage to surrounding tissue. Pulsed lasers are typicaltijation [12, 13]. The mechanism of pressure generation is the
preferred to continuous wave lasers to minimize thermal dancollapse of a transient bubble induced by the laser pulse. As
age [1]. Currently there is considerable interest in the holmishown in a previous work [13], the pressure amplitudes can
um laser (Cr:Tm:Ho:YAG) a2.12um because its wavelength reach several thousand bars in water at the collapse center as-
is near thel.94 um absorption peak of water and is transmit- suming a Xr amplitude decrease of the spherically expanding
table through standard lo@H™ quartz fibers. pressure waves. At pulse energies associated with tissue abla-
Holmium lasers are currently under investigation and irtion (fluence> 30 Jcn), a vapor bubble starts to form at the
clinical use for a variety of applications. From a physicaltip of the fiber typically 10 td00usafter the beginning of the
point of view, three groups of applications can be distindaser pulse, depending on the fluence used [14, 15]. The bub-
guished according to the laser-tissue interaction in differerble formation mechanism has been described by the Lausanne
surroundings: (1) Ablation or coagulation of tissue in air,group as the explosive vaporization of an initially superheat-
(2) Optical fibers positioned above a tissue surface in a lied volume of water [13]. The bubble grows to a maximum
quid environment with pulses fired through the liquid towardssize typically in about 200 t800us before collapsing [16].
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The maximum bubble size is a function of the energy and_ 32 |

the duration of the laser pulse [13]. Once sufficient energy isg SN —— Deionized H,O
deposited to initiate vaporization, the laser radiation is trans=, 30N ] PAA gel w. 90% H,0 content
mitted through the expanding bubble and absorbed at thé* SN

o ; r N N B PAA gel w. 70% H_O content
opposite side of the bubble. Long pulsesi00.s) with flu- t 28 : ) getw 2 CoMen
ences higher than 5 to 7 times the ablation threshold produ o6 L N

pear-shaped or even channel-like bubbles, as a result of the

continuing vaporization process taking place after the initia—g 24 g
tion of the bubble [13]. o E
In contrast, short pulses(1 j1s) always create a spherical S 22

bubble since all laser energy is deposited in the liquid wateks
before a bubble forms, and thus the hydrodynamic process of 20|
bubble expansion and collapse does not interfere with the de® 18 L . T
position of laser energy [17—-19]. Regardless of the formation§ 208 2.10 2.12 2.14 2.16 2.18 2.20 2.22
process, the collapse dynamics of long-pulse laser generated wavelength A (um)
cavitation bubbles is similar to that created by short-pulse_ ] o
laser-induced cavitation as long as the bubble does not cgfd: 1. Absorption coefficieng.a of PAA-gels of 90% and 70% water con-
lapse before the end of the laser pulse [14]. The energy storeg o¢ O Pure water as afunction of waveleng
in the cavitation bubble is partially converted into acoustic en-
ergy at the collapse of the bubble, resulting in emission of anising a spectrophotometer (Lambda 19, Perkin Elmer). The
acoustic transient [20—22]. absorption curves for gels 80% and 70% water content are

In this paper, we use poly(acrylamide) gel phantoms otompared to the water absorption curve in Fig. 1. Interesting-
different concentrations to examine the formation of vapoty, the absorption coefficient at the holmium laser wavelength
bubbles and acoustic transients in tissue by pulsed fre®f A =2.12pum was almost constant and independent of the
running holmium laser radiation. The size and dynamics ofvater contents. If the water molecules were the only absorber
the bubbles formed in the gels are reported as a function @it this wavelength, a decrease of the absorption coefficient
energy and fiber diameter and compared to those formed iproportional to the water content would be expected, as ac-
water. Simultaneous pressure measurements allow us to caually observed for wavelengths beldl um (see Fig. 1).
relate the occurrence of acoustic transients with the bubbldowever, a PAA polymer absorption peak aro@iijum was
dynamics. observed. Due to the superposition of this polymer absorption

band with the water absorption band arour@4 um there is
) a compensation effect at tRel2 um laser wavelength result-

1 Materials and methods ing in a almost constant absorption coefficient. This particular
feature allows us to study the influence of the mechanical
properties on bubble dynamics without having to take into

Poly(acrylamide) (PAA) gels were used as tissue phantom ccount varying absorption properties. The measured absorp-

Thé PAA-gel water content was varied frof-95% to  UON coefficientua(i = 2.12um) atroom temperatur@g°C)
obtain tissue phantoms of various consistency. Unlike agds 22+ 0-5¢m .

or gelatin, PAA-gel has excellent optical transparency for

visible light and a melting point well above the boiling
point of water [23]. The physical properties of an 85%

water content PAA-gel are density= 1.03 g/cm?, specif- . .
ic heatc, = 4.186 JgK—1, and thermal conductivitk = The complete analysis of the dynamical response of PAA-gels

4.1 x 10-3Wem 1K1 [24]. at the high compression velocities reached during bubble ex-
Gels with water contents of 70% to 95% (correspondind?@1Sion is a complex problem which is beyond the scope of
to 30% to 5% PAA polymer content) were synthesized acthiS Work. Here the viscoelastic response of the PAA-gels is
cording to standard recipes [25] to model various tissue typeé'?veslt'gated. ulsm_g the velocity ranghe accessible with conven-
Gels with low PAA polymer concentration§-{20%) model tlon_rr;\hmattlana sciences tedstlrfwg tec “'?UESG C of PAA
soft tissues like the vitreous body of the eye, cornea, or liv- e gels are composed of a cross-linked network o -
er, whereas gels with high polymer concentration20%) po!)ymer strands filled with a large amount of water (70 to
model stiffer tissues like intervertebral discs or aorta. In ordeP 270 Of Weight). Such gels typically show viscoelastic behav-
to allow a reasonable comparison with real tissue, the op": I-€. their response to external stress comprises elastic (like
tical and mechanical properties of the gels were analyzed SOlid) as well as viscous (like a liquid) reactions [26]. The
Although PAA-gel models only partially represent tissues £/2Stic modulus (or Young's modulugj of the gels as well

which are more complex, they represent to our knowledg@S the viscous properties have been determined with a stan-
a reasonable transparent phantom for tissue. dard rheology measurement system (RSA Il, Rheometrics,

USA).

1.2 PAA optical properties measurements Cylindrical gel samples df4 mmdiameter and = 8 mm
thickness were mounted between two pistons. A precompres-

The absorption coefficients of the gels were measured fromion static load 0f30 g was applied to insure a good me-

2.08um to 2.22um. Values of ug were obtained from ex- chanical contact. The viscoelastic response of the sample was

tinction measurements df.0+ 0.01 mmthick gel samples analyzed in two experiments:

+ CTH:YAG laser

1.1 Poly(acrylamide) gel tissue phantoms

1.3 PAA mechanical properties measurements
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Table 1. Young’s modulus of poly(acrylamide) (PAA) gels under slow dy- o/ COSH + iop/eg Sind. The first component, the Young'’s
namic compressiorD(@ mny's) modulusE’, describes the strain in phase with the applied
stress, while the second componéiit describes the strain

Water content (%) Polymer content (%) Youngés Modulus 90+ out of phaseE” characterizes the loss of mechanical
E'/10°P RO X o>
/ a energy by dissipation into heat in the gel, it is commonly re-
95 5 Q142+ 0.008 ferred to as the loss modulus.
92 8 043+ 0.05 Figure 2 shows the frequency dependencyedfand E”
90 10 083+0.06 for PAA-gels of 95% and 80% water content. Only a slight
gg %8 gg?ig-ig increase of the Young’s modulls with the excitation fre-
70 30 26+03 quency was measured. The loss modlitfswas more than

an order of magnitude smaller th& for both gels, indicat-
ing that the elasticity is dominant over viscous effects. In the
80% water content gel, a maximumBf (1.0 x 10* Pg was
(a) The sample was compressed until rupture at a constanteasured at a compression frequencg.@frad/s. For high-
strain rate of.2 s1 (rate of relative thickness changgdt-  er frequencies the loss modulus decreased. For the 95% water
Az/z), which corresponds to a piston speedld mmy/sfor  content gel, a monotonic decreaseksf was observed over
a sample ofz =8 mm thickness. The Young's modulus is the measured frequencies.
given by the slope of the exerted force versus strain plot; the
values obtained at a strain ef0.25 (compression to 75% of
the original thickness) for gels of each PAA concentrationl.4 Bubble dynamics and pressure measurements
are reported in Table 1. The Young’s modulus increases with  experimental setup
increasing polymer content (decreasing water content) as ex-
pected from elasticity theory [27]. The experimental setup used for the bubble dynamics and
(b) The dynamic variation of the Young’s modulus waspressure measurements is schematically represented in Fig. 3.
derived using a conventional method [28], from the dynamThe free running holmium laser (Cr:Tm:Ho:YAG) with
ic response of samples submitted to a sinusoidal comprea-wavelength o2.12um was operated at a pulse duration of
sion forceot = op Sinwt characterized by a maximal strain 180ps full width at half maximum (FWHM), corresponding
e = Az/z of 0.05. The investigated stress frequencies wer¢o a total pulse duration &#50.s. The pulse to pulse stabil-
between 1 andlOOrad/s. The maximum stress frequency ity of the laser energy was better than 2%. Laser pulses were
(limited by the instrument) corresponded to a maximum ve-delivered to the target by lo®@H™ quartz fibers with core di-
locity of 40 mmys. This represents a velocity three orders ofameters of 400 ané00um. The fiber tip was gently inserted
magnitude lower than the speed reached during the bubbie the center of a PAA-gel sample @fcmx 2 cmx 2 cm in
expansion phaselQ m/s). However we will assume that no order to induce minimal constraint during introduction of the
singularity in the viscoelastic response exists at high speeéiper. Each PAA-bloc was placed on a platform ih@cmx
and thus that the viscoelastic comportement observed at lod0 cmx 10 cm glass container filled with deionized water.
velocity can be extrapolated to high frequencies. Generally gels of 85 to 95% water behaved like a fluid when
As the gels behave viscoelastically, the deformation ofhe fiber was inserted, while some tearing occured for lower
the gels in response to the sinusoidal str@ssexperiences water content. Control experiments were performed with the
a delay [29, 30]st = o Sin(wt — 0). The mechanical proper- fiber tip placed in deionized water without the gel.
ties are described by the complex modultis= E' +iE” = Two series of experiments were performed to study the
bubble dynamics and pressure transient generation for the two
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Fig. 2. Rheology measurements of elastic modufiisand loss modulug”’ monitor
of PAA-gels of 95% and of 80% water content as a function of compres-

sion frequency. PAA disks of4 mm diameter and3 mm thickness were VCR
compressed in thickness by sinusoidal forces of an amplitude resulting in
a maximum strain of 5% Fig. 3. Experimental setup
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fiber diameters as a function of gel water content (70% taecorded. The process was repeated with new gel samples for
100%) and as a function of fluence. In the first series, the gedach investigated imaging time and for all laser parameter set-
water content was varied and the laser pulse energy deliverdidgs.
at the tip of the fiber fixed a480 mJ corresponding to flu-
ences ofL70+ 3 J/cm? and 382+ 7 J/cn? with the 600um
and400um fibers, respectively. In a second series of measy pasyits
urements, the fluence was varied from 2@89 Jcn¥ using
a 600m core diameter fiber and gel samples of 80% water . ) i
content. A fresh sample was used for each laser shot. 2.1 Bubble dynamics and pressure transients in PAA-gel
The bubble formation was observed by time resolved
flash videography. A xenon strobe lamp illumination sourcelhe dynamic behavior of bubbles generated by holmium laser
(Hamamatsu, Japan) with Jaus duration was used to illu- irradiation of PAA-gels of 95 to 70% water content has been
minate the fiber tip. A white diffusing screen was placedinvestigated and compared to that observed in deionized wa-
behind the water container (see Fig. 3). The combination dfer. Images of the characteristic bubble evolution recorded in
direct and indirect illumination provided images where thegels of 95 and 80% water content and in pure water are shown
whole bubble was visible as a three-dimensional object rathen Fig. 4. For this series, the fiber core diameter Wa8um,
than its outline as in conventional shadow photography. Evethe laser pulse duratiatB0us (FWHM) and the energy was
the inside of the bubble was visible to some extent, provid480 mJ resulting in a fluence df70 Jcn¥ at the fiber tip.
ing additional information on the processes involved. Images Bubbles observed for PAA-gels of high water content (95
were taken with a monochrome CCD camera (FK 6990, Coand 92%) exhibit mostly spherical to slightly pear-shaped
hu, USA), fitted with &35 mmcamera macro-zoom objective forms. An example of a bubble formed in a gel of 95% water
which allowed a working distance &6 cm with a depth  content is shown in Fig. 4a. An irregularly structured sur-
of focus of several millimeters. The holmium laser, the CCDface appearance is often seen for the larger bubbles formed in
camera frames and the strobe lamp were synchronized vgel of high water content. Increasing the PAA content of the
a digital delay time generator (DG 535, Stanford Researchel, that is increasing its elastic modulE§ hinders the ex-
Systems, USA). Time delays of 0 tt000us between the pansion process of the bubble, leading to a reduction of the
beginning of the laser pulse and the strobe flash could be chaaximal bubble size and accordingly of the bubble lifetime as
sen. The observed error in the time delay4 pswas due to illustrated in Fig. 4b for the 80% water gel. Size reduction is
the ignition jitter of the laser flash lamp. accompanied by a decrease in symmetry of the bubble, which
The pressure profile associated with each bubble eveappears more and more elongated and distorted. Moreover,
was recorded with a polyvinylidene difluoride (PVDF) nee-bubbles formed in gels of the higher PAA concentration ex-
dle probe hydrophone (Imotec, Germany) with an active zonaibit strongly perturbed symmetry at collapse [Fig. 8d0Qs
diameter 00.5 mm The needle probe hydrophone was slow-image].
ly moved into the gel block with its axis pointing in the di- Interestingly, the maximal bubble sizes observed in pure
rection of the expected origin of acoustic transients (locationvater, which are in agreement with bubble dynamics reported
of bubble collapse) up to a distance of 34tom thus it was previously by our group [13, 32] are smaller than the maxi-
positioned well outside the maximum bubble radius, preventmal sizes recorded in 95% water content gels [compare Figs.
ing any disturbance of the bubble dynamics (see Fig. 3). Ida,c]. Accordingly, bubbles formed in these gels also last
order to compare the strength of the pressure transients frolmnger than bubbles formed in water.
different experiments, the recorded pressures were normal- The characteristic dimensions (maximum diameter and
ized to a standard distancemmassuming that the acoustic length) of the bubbles observed at all investigated PAA con-
transients propagate from their origin at the bubble collapseentrations for the same laser parameters as in Fig. 4 are
center as spherical waves [21] and thus the peak pressureported in Fig. 5. The symbols represent the mean of the
decays like Ir. The distance from the hydrophone to the col-measured quantities with error bars representing the standard
lapse center was measured on video images; the error in tleeror, as in all subsequent graphs. The difference in the size of
distance measurementis less thahmm Ten measurements bubbles formed in pure water (100%), as compared to those
were performed for each set of parameters. of bubbles in gels of 95 and 92% water content, can be clear-
The rise time of the hydrophon&@-90%) was specified ly seen. The maximum forward length of the bubbles, that is
at 7 =50 ns This limited rise time can lead to an under- their maximum extension into the medium beyond the tip of
estimation of the actual peak pressure if the duration of théhe fiber (as opposed to the total of their forward and back-
acoustic transient is shorter thgn The measured peak pres- ward lengths), is also shown in Fig. 5. A maximal forward
sures were therefore corrected using a method described ptength of 3.2 mm is reached in the softest gel (95% water
viously [31] which accounts for the duration of the observedcontent). This value decreases with increasing gel stiffness to
pressure transients. The pressure transient duration was &x6 mmfor a gel with 70% water content. Note also that the
perimentally determined by analysis of high magnificationratio of forward extension to total length is greater in soft gels
shadow photographs of pressure fronts obtained by illuminaand water (about/8) than in stiffer gels where it approaches
ing with Nd:YAG laser pulses 0% nsduration in a separate 1/2.
experimental setup. The threshold fluence at which bubbles form as a func-
A single laser pulse was delivered in each gel sampldjon of the gel PAA content has been investigated. In the
once the optical fiber and pressure transducer were placediatadiation conditions of bubbles presented in Figs. 4 and
a given location. The resulting acoustic transient and a sirb, i.e., with a fiber diameter 0600um and a pulse du-
gle picture of the induced bubble at a specific delay time wereation of 180us the threshold fluence necessary to initiate
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Fig. 4a—c.Strobe images of bubble dynamics in water and PAA-gels creatd@®ynJpulse energy with a duration @80us (FWHM). Fiber core diameter
600pm, resulting in a fluence of70 Jcm? at the fiber tip.a 95% water content PAA-geb 80% water content PAA-get Deionized water

elastic modulus (10° Pa) & 70¢ : 180 =
0 083 287 4.6 § 6of| A start time - 470 3
-~ L R L IR I = E E o
E 5.0 C ; 50F ] 60 &
= : S al 150 &
8 40p ¢ 2 40p EDPR
@ PN $ sof 4 1ag @
o ’ = 3 430
< 30°L , < : é 1 7]
s 30: 20} 50 B
£ : @ 7 120 3
a o S - =
£ 20 i 8 10+ —e—threshold radiant exp. §| 10 =
3 - | —e—total length (mm) 2 g PP Arororares srorarsrm rrrers sorwr s R rwwen mrw 0o =
= | -3 -forward length (mm) o
£ 00 Lrrrr——— et gel water content (%)
100 95 90 85 80 75 70 Fig. 6. Threshold radiant exposure for bubble formation and time delay be-
gel water content (%) tween the beginning of the laser pulse and the start of bubble formation as

a function of gel concentration for a fiber core diamete600pm. Pulse
Fig. 5. Maximum diameter, maximum total length and maximum forward duration180us (FWHM)
length (from fiber tip) of bubbles as a function of gel water content and elas-
tic modulus. The 100% gel water content points represent pure water. Pulse . .
energy 480 mJ fiber core diamete600wm radiant exposurel70 JCW}Z, Note that the bubble formation thresholds observed, Imply

pulse duratiorl80us (FWHM) temperatures exceediri0°C prior bubble formation, that
is superheating of the gel or water layer next to the fiber
tip.

bubble formation increased fro@4+ 4 J/cn? in pure wa- Some typical examples of pressure transients associat-

ter to 43410 Jcn? for the 70% water content gel (Fig. 6). ed with the collapse of the bubbles imaged and documented
Similarly, for a constant fluence df70 Jcn?, the delay be- above are shown in Fig. 7. The characteristic features report-
tween the start of the laser pulse and the onset of bubbled in water [13] are also observed in gels. The major pressure
formation increases fro38+4 s to 60+ 10us, as more transient occurs at the first collapse of the cavitation bub-
time is needed to deposit the energy density necessary bde, some hundreds of microseconds after the laser irradiation
reach the higher threshold fluence in low water content gelstarted (Fig. 7). This transient is followed by weaker pres-
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Fig. 7a—c.Time profile of pressure transients induced4®p mJpulses (ra- o I %
diant exposurd.70 J’cmz) at3 mmdistance in: 80% water content PAA-gel 5 r
(a), and deionized wateib]. Temporal profile of the laser pulse)( Pulse 3 100 L
duration180us (FWHM) o
Q
¢
x
, . . a L HoO ®
sure transients associated with subsequent bubble collaps@is 50 | 2
and rebounds . Only a relatively weak (belblars) pressure — L]
rise is observed at the bubble onset during the laser pulse [13]. I °
As an example, two pressure transients recorded in an . A
80% water content gel (Fig. 7a) and in water (Fig. 7b) after 100 95 90 8 8 75 70
irradiation by a480 mJand180ps (FWHM) duration laser gel water content (%)

pulse (Fig. 7c) are shown. Note the hindered bubble exparrig. 9. Pressure amplitudes induced by the first bubble collapsgnain
sion in the 80% water gel leading to a reduced bubble lifedistance from the collapse center as a function of gel water content for

im weaker | illation rth I nd w El_ifferent radiant exposures and fiber diameters; end®ymJ pulse du-
time, a weaker bubble oscillation after the co apsea dwea ion 180ps (FWHM). (B) Fiber core diameted00um radiant exposure

. . . I
er pressure transients. Only the positive (compresswg) part gagz JcmP. (@) Core diamete600.um radiant exposurd70 Jcm?
the pressure transient induced at the bubble collapse is of high

amplitude. The negative tail of the transient, weak and long
lasting, is not seen. 600
The effect of the fiber diameter (600 ad@0pm) on the

bubble geometry can be seen in Fig. 8. The bubbles induce@d@ 500 [
in a PAA-gel of 90% water content and in pure water by :
a laser pulse ofi80 mJare shown at their maximum exten- @ 400 |
sion. Due to the smaller diameter of th@0um fiber, which 3= .
leads to a 2.25 times higher fluence at its tip as compared 8 300 |
that of the600wm fiber, a more elongated (pear-shaped) bub-4,

ble is formed with thet00wm fiber. Thus, at the same pulse 3 200
energy a deeper forward extension is observed for the smalld

H,O

F | —=—600 um fiber, 170 J/cm?

- : 100 |
fiber diameter. _ _ _ 2 -1 ® 400 um fiber, 382 Jicm?

The influence of fiber diameter as well as of elastic modu- ot
lus (PAA content) on the amplitude of the major acoustic tran- 100 95 90 85 80 75 70
sient induced by the bubble collapse (normalized to a distance gel water content (%)

of 3 mm from the fiber tlp) is shown in Fig. 9 for constant Fig. 10. Bubble lifetime (time from bubble start to first collapse) as a func-

IOl_J|S¢ energy. The strength of the acoustlc_tran3|ent decrea%’% of gel water content for different radiant exposures and fiber diameters;
with increasing PAA content of the gels. This effect correlatesnergy 480 mJ pulse durationlgr?’vgs (FWHM). (®) Fiber core diameter

with the decrease in the bubble lifetime (Fig. 10) and in thet00um radiant exposure80 Jcm?. (CJ) Core diameter600um radiant
maximal bubble size (Fig. 5). In pure water, stronger pressuréposurel70 Jem?
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5 i iam-
 [—e—total length (mm) modulus 0f2.87+0.15x 10° Paand the largest fiber diam

- | - diameter (mm eter 600um).
4 -2 .f(;rward le(ngtrz (mm) The dimensions of the bubbles at the moment of their

r maximal size are shown in Fig. 11 as a function of the fluence.
L * Maximal total bubble length and lateral extension increased
3L rapidly for fluences above the threshold 36+ 10 Jcn?.
i For higher fluences, the length tended to increase faster than
...................... % the lateral extension. At the highest fluence ug8D(Jcn?,
v - 4313 corresponding t®50 mJenergy), bubbles of up t8.4 mm

\
\
\
\

/ in lateral extension and.2 mm length were observed. The
E% - forward length of the bubble was slightly smaller than the
- backward length for all fluences (Fig. 11). This is caused by
i the weakening of the gel around the fiber due to the channel
T created by pushing the fiber into the gel block.
0 0 50 100 150 200 250 The amplitude of the pressure transients associated with
. . 2 the bubbles is reported in Fig. 12, as well as the bubble life-
fluence at fiber tip (J/cm’) time for increasing fluence. A steady increase of the induced
Fig. 11. Maximum bubble dimensions (diameter, total length and forwardpeak pressure is observed for fluences above the threshold, up

length) as a function of laser fluence at the fiber tip in 80% water contenfg 58—+ 7 bars at3 mm distance at the maximal investigated
PAA-gel. Pulse duratiori80us (FWHM), fiber core diamete800m fluence o230 \ycmz

maximum bubble size (mm)
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transients than in any gel are generated at both fluences; ho®- Discussion
ever, the larger bubbles are produced in the gels of 95 and
92% water content. The use of PAA-gels of different water content as tissue phan-
For the same pulse energy, pressures were lower wittoms allowed us to mimic biological tissues of differing prop-
the 400um fiber by at least a factor 2 in all gels. For both erties, ranging from very soft tissue, like the vitreous body
fluences, a reduction of the pressure by a factor 3 to 4 is olsf the eye, to tissue of relatively hard consistency like inter-
served for the higher PAA content gels as compared to pureertebral discs (see Tables 1 and 2). Although they can be
water. The highest pressure observed in the gel Wikt  considered as far from tissue in terms of homogeneity and
1l4bars at3 mmdistance in the 95% water content gel with specific microscopic architecture, PAA-gels represent more
the600um fiber. In the stiffer gel with 70% water content, the realistic representations of tissue than water and gelatin due
peak pressures dropped to £76 bars for the600um fibers  to their polymer structure. In particular PAA-gels melt at
and belows bars for thed00um fibers. a temperature above the water boiling temperature, contrary
The effect of the fluence on the maximal size of the bubio gelatin, a tissue model frequently used in previous studies
bles and on the pressure generated at their collapse was inve$faser-tissue interactions.
tigated for the 80% water content gel, which has a Young’s Holmium laser irradiation at the investigated fluences,
which compare or are even lower than that typically used in
clinical applications, generates large vapor bubbles in all in-
vestigated phantoms, that is for material having a Young's

100 1 300 modulus betweer0.14x 10° and 4.6 x 10° Pa Although
--a--bubble Iifetimel A ] a steady decrease in the bubble size is observed for increasing
I e ] PAA content (increasing Young’s modulus), significant vapor
80 [ A 1 250 bubble sizes of several millimeters in diameter (Figs. 5 and
= g P ] T  12) have been observed even for the stiffer samfgl@sg0 %
< . ] c ) ,
-3 1200 & water content), having a Young's modulus 2B x 10° to
o 60L A 1 5 4.6 x 10°Pa
5 / ] = The amplitude of the induced acoustic transients is re-
§ [ ’ 71 150 @  duced with increasing phantom stiffness. Pressure transient
& 40 ] 3
< I 1100 = )
o ] * Table 2. Young's modulus and water contents of some real tissues
[« 3 I —
20 i ] 50 Tissue Water content (%) Young's Modulus
L —e— peak pressure l ] E'/10° Pa
0 ' "‘0 vitreous body [4] 98
0 50 100 150 200 250 comea 80
vertrebal discs
fluence at fiber tip (J/cm?) nucleus pulposus [44, 45] 85 <3
) e ) . lateral annulus [44, 45] 78 3-7
Fig.12. Bubble lifetime and collapse pressure amplitudes as a function of,aniscus [46] a
laser radiant exposure in 80% water content PAA-gel. Pulse durd8ons articular cartilage [46] 65-75 '5_9

(FWHM), fiber core diamete600pm
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generation is quite strongly perturbed by the resistance dhe right side of (1) represent additional forces necessary to

the gel polymer structure; pressure transients reaching up tivercome the surface tension and the viscosity. As they are

60bars at three millimeters distance in gel with a Young'sinversely proportional to the bubble radi&s their relative

modulus of2.9 x 10° Pa have been measured. Bubble di- influence decreases rapidly with increasing bubble size.

mensions, lifetime and collapse pressure all decrease with To describe bubble dynamics in gels, an additional term

increasing gel stiffness at constant energy (Figs. 5, 10 anf(E’, R), which accounts for the force due to elastic material

9, respectively). The pressure amplitude decrease is particdeformation, has to be added in the equation of motion. The

larly pronounced. Analogous to our previous observations itbubble wall equation of motion is then:

water [13, 32], the geometry of the bubble has an important

influence on the collapse pressure generation. With increasin >

fluence, the bubble shape deviates from spherical symmetr@ R+3 (R) ( pi (V. my, T() —

to a more and more elongated pear shape. In the stiffer gels, 5 an

the bubbles become more and more elongated with even more _0 e f(E/, R)) (2)

complex shapes than in water. Accordingly, a large decrease R R

in pressure amplitude is observed due to the asymmetry of the

bubble collapse in these gels. Similarly it is expected that in  For an ideal elastic solid, the terfdE’, R) is a monotoni-

real tissues of much lower homogeneity, presenting variousally increasing function oE’ andR. From (2) it can be seen

interfaces, like arterial walls, even stronger bubbles asynthat increasing material viscosity, or elastic modulusg’,

metries will be induced, thus decreasing the strength of thieads to a decrease in the speed of bubble expansion and max-

pressure transients generated. imal size. This observation is in agreement with the measured
Although a decrease of the bubble dimensions is observedkcrease in maximum bubble dimensions for a given laser en-

for increasing tissue phantom stiffness, the direct comparisogrgy with increasing elastic modulus (see Fig. 5). The local

with the cavitation activity generated in pure water indicatesvapor pressurg;(V, my, T(r)), depending on the bubble vol-

that cavitation in gels or tissue is a more complex process tharmeV, the vapor massy, and the local temperatufér) via

in water. Indeed the maximal bubble extension in tissue is than equation of state, couples the hydrodynamic equation of

result of the competition between several effects, mainly memotion to the thermodynamic processes of vapor generation

chanical resistance and thermal energy transfer through tteend condensation.

bubble boundary (heat conduction and condensation). This In contrast to short pulse laser-induced cavitation, a wa-

is particularly well illustrated by the surprising larger bubbleter vapor source term has to be incorporated in our case,

sizes observed in gels of low PAA content, as compared tdue to the continuing laser irradiation during most of the

those formed in pure water (Figs. 4 and 5). bubble expansion time. The laser energy crossing the bub-
A qualitative analysis of the system of equations gov-ble and reaching the boundary continues to evaporate water

erning the bubble dynamics allows us to describe possiblmolecules, resulting in an evaporation mass flowad kg/s|.

origins of this effect. The description of bubble dynamicsOn the other hand, as the bubble grows to a size of several

far out of thermodynamic equilibrium in arbitrary media is times the fiber diameter, most of the bubble surface is in con-

a complex problem for which solutions have so far only beeract with the cold (close to ambient temperature) water or gel

obtained for special cases involving simplifying assumptionsenvironment. This results in a mass flowongfrom the vapor

like spherical symmetry and ideal gas and liquid behaviophase to the liquid phase due to condensation on the colder

Using simplified equations allows us to discuss qualitativelyparts of the bubble wall.

the contribution of different physical phenomena to the bub- The local evaporation or condensation rate per unit sur-

ble dynamics, in particular the maximal bubble extension anface depends on the interface temperaflite) and on the

collapse induced pressure. difference between the local vapor dengityr) and the eqlw—
The dynamics of a spherical bubble in an infinite viscoudibrium vapor densityo$(Ti). The mass fluxJ[kg m~ 25~

liquid can be described by the Rayleigh-Plesset equation dhrough an interface between a liquid and its own vapor can

motion [33]: be estimated from a kinetic treatment by Plesset [33]:
. 3. 1 20 4.
RR+—(R)2=—<-— -=—-= ) 1 Ti(r
2V T \PTPTRTR D0 =a B om0, 3)
7T Mmol

where R[m] is the bubble radiusg [kg/m3] is the density
of the liquid phasepi[Pd and p,, are the pressures at the wherer represents locations on the bubble boundggys the
interface and at infinity, respectiveky[N/m] is the surface universal gas constant anah, is the molar masskpg/moll.
tension andy[Pa § the viscosity of the liquidR is the veloci-  The constant is an accommodation coefficient [34] for evap-
ty and R the acceleration of the bubble boundary. oration and condensation, which accounts for the deviation of
The forces driving the motion of the liquid or gel sur- real interface properties from the ideal case considered in the-
rounding the bubble are mainly generated by the pressurmary. For a freshly created clean water vapor-liquid interface
differenceAp = pi — P (EQ. (1)). In its expansion phase, a value ofx close to unity can be assumed during the bubble
the bubble is filled with water vapor at a pressure above thifetime of some hundreds of microseconds, as no significant
ambient pressureAp > 0) that pushes the surrounding medi- impurities are expected that could perturb the phase transition
um outward. Whem p becomes negative, bubble expansionrate at the water-vapor interface. However the polymer com-
decelerates until the kinetic energy of the liquid is consumedyonent of PAA-gels is expected to lower the accommodation
then the collapse stage begins. The third and fourth terms aoefficient as compared to pure water.
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The vapor mass change raig(t) is then the integralod  sis of much stronger initial superheating, causing more rapid

over the bubble surfacg bubble expansion, is unlikely.
Thus condensation processes at the bubble boundary seem
; ; to be the key element in understanding the observed process.
my (t) =fmv(t) =ff J(r, t)dSdt Indeed the maximum volume of the vapor bubble is deter-
A mined by the initial number of water molecules transferred to

the gas phase by the laser induced vaporization process and
e by the rate of vapor condensatidmgng at the colder parts
(ev(Ti(r, 1) —ov(r, 1)) dSdt. of the bubble boundary. As can be seen from (3) and (4), the
mass flux per unit surfacé is essentially a function of the
(4) density difference from equilibrium, of the interface tempera-
ture and of an accommodation coefficienof the interface,
The time dependent vapor masg(t) influences the bub- which is essentially material dependent.
ble dynamics via the local pressure tepnin (2), which is A smaller accommodation coefficient at the PAA-gel sur-
a function ofm,. faceapaa as compared to a water surfagg,o will lead to
As PAA-gels have a viscoelastic behavior, they have to ba reduced condensation rate and thus according to the equa-
characterized by a loss modulB$ besides their elastic mod- tion of motion (2) to a larger maximal bubble size as well as
ulusE’. This results practically in an increase of the viscositylonger lived bubbles.
n in (2). Our measurements (Fig. 2, Table 1) have shown that Because of these effects, although a larger bubble is
E’ increases monotonically as a function of polymer contentformed in soft PAA-gels, a weaker collapse process would be
Furthermore, within the compression frequency range used imduced, as a slower drop of pressure inside the bubble means
our rheology measurements, all gels show a slight increadess acceleration of the surrounding liquid towards the cen-
in elastic modulusE’ towards higher frequencies, whereaster. This is consistent with our observation of weaker pressure
the loss modulu€” peaks at a characteristic frequency fortransients in soft gels than in water (Fig. 9) in spite of larger
each gel concentration and decreases for higher frequencidsibble size (Fig. 5) and longer lifetime (Fig. 10).
Our results are consistent with hydrogel properties described The same hypothesis can also explain the generally
by Brinker and Scherer [30], who showed a maximum ofsmaller volume of the bubbles created with the same energy
E” at a characteristic frequeneyy and an increase of’  at the tip of the smaller fiber (Fig. 8). The bubbles created
with frequency that saturates for frequencies> wo. The  with the 600um fibers are almost spherical. In contrast, the
maxima in the measureB” of our PAA-gels show that the bubbles induced by the higher fluence reached at the tip of
wo's are within the frequency range covered by our rheolothe400um fibers are elongated, and more elliptical in shape.
gy measurements for gels 80-90% water contents and at In this case, the ratio of surface to volume is larger than for
lower frequencies for the softest gets 90% water content). a sphere. This means that the mass loss by condensation at the
The boundary velocities encountered during bubble exparioundary is more important relative to the total vapor mass,
sion, and thus the gel compression velocities can be as higind consequently the maximum bubble volume is smaller in
as 10 nys, much higher than the highest possible velocitiesspite of absorption of the same amount of laser energy.
(40 mnys) of the rheology system used. However, extrapolat- Comparison with previous data [19], obtained for Q-
ing the low velocity results foE” in the light of the hydrogel switched holmium laser pulses 600 nsduration delivered
properties described above’! becomes small. in PAA-gels and water further supports our explanation. In
The last three terms of (2), which correspond to resistivehis case the whole laser energy is deposited in a very short
forces, are all larger for gels as compared to water. Consegime compared to the bubble lifetime. The bubble dynamics is
quently, the larger size of the bubble in soft gels has to beominated by the kinetic energy transferred to the surround-
attributed to the thermodynamics occurring inside the bubbléng medium in the initial stage of bubble formation under
rather than to mechanical properties of the gels. The largdrigh thermoelastic pressure [19] and subsequent rapid expan-
vapor volume obtained could be the result of two effects:  sion. Evaporation and condensation processes should have
(1) The increased resistance of the gel could delay tha minorinfluence, compared to the present long pulse induced
bubble formation, resulting in a higher fluence threshold andbubbles. Indeed, the bubbles generated in 5% water content
a stronger superheating of a larger liquid volume before phadeAA-gel by Q-switched holmium laser pulses were found to
change sets in. A more explosive vaporization would consebe of smaller or equal size than in water [19].
quently create higher initial vapor pressure and thus stronger Implications about damage risks during ablation of soft
acceleration, resulting in a larger kinetic energy transfer to théssue through fibers inserted into the tissue can be drawn
gel around the bubble and consequently in a larger final cavitirom our results. In soft tissue, according to the size of the
extension. bubbles generated within the softer gels, tissue damage sev-
(2) Condensation efficiency at the bubble boundary coul@ral millimeters deep can be induced by tissue tearing during
be lowered by PAA-gels. As a consequence of the lowthe fast & 10 nys) bubble formation and expansion phase.
er condensation rate, a longer lived vapor cavity containinyyloreover, as water in the vapor phase inside the bubble is
a larger vapor mass mv would be created, that would exparalmost transparent t8.12um radiation [35], enhanced for-
to a larger maximal volume. ward extension of the laser induced tissue alteration can be
Our measurements of bubble formation fluence thresholdxpected due to the free light path through the transient bub-
(Fig. 6) have shown no anomalies for soft gels. The bubbléle formed at the delivery fiber tip (Moses effect). This effect
formation threshold increases continuously from pure watemight explain the recent observations [36, 37] of heat penetra-
to gels of increasing stiffness. Consequently, the hypothetion in intervertebral discs at distances from the fiber tip much

RyTi(r, v

27Tmm0|
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larger than the optical/k penetration depth of approximately also the total bubble volume and the pressure transient ampli-
400pm. tude.
The pressure transients generated at the bubble collapse
are potentially harmful because they can penetrate far deep-
er into tissue than the laser light. In general, materials aré Conclusions
more sensitive to tensile than to compressive stress. In our
case, the pressure transients are almost purely compressii have shown that transient vapor bubble formation occurs
with a weak rarefaction tail (Fig. 7), in contrast to the bipo-during pulsed holmium laser irradiation @b0us duration
lar pressure transients induced by short pulse laser irradiationa optical fibers inside absorbing soft tissue phantoms.
at an air-tissue interface [38, 39] or at a fiber tip in absorbing These bubbles generate pressure transients at their col-
liquid [40]. So far, no general pressure amplitude thresholdapse inside the phantoms. The effect of fluence, fiber diam-
for damage of biological tissue by pressure transients of shoeter and elastic properties on transient vapor bubble dynam-
(ns range) duration has been established. Available resuliss and pressure transient generation has been systematically
from literature suggest that besides the pressure amplitudstudied over a large range of elastic modulus values. Tearing
the number of pressure pulses applied [41] and the stress grand disruption by the rapid bubble expansion and collapse as
dient [9] play a role in tissue damage on a sub-cellular level.far away as several millimeters from the irradiated zone were
In a recent study by our group on holmium laser ab-found as the main risks of mechanical damage. The amplitude
lation of cartilage [42], no indication of a larger range of of the observed pressure transients was sufficiently low to an-
pressure induced damage in comparison to thermal danticipate only limited damage risks, restricted to delicate tissue
age was observed in spite of pressure amplitudes of ugtructures in close proximity.
to 250bars at the border of the thermal coagulation zone. Furthermore, our results and the qualitative analysis of the
In an experiment on mouse breast sarcoma cells in cukquations governing the bubble dynamics suggest that the rate
ture, a statistically significant decrease of cell vitality wasof vapor condensation at the bubble boundary, plays a cen-
only observed for peak pressures ab@&@0bars [9]. In tral role in the dynamics of bubbles induced by holmium laser
comparison to these results, the relatively modest pressuresilses.
on the order ofl0-100bars at3 mm distance due to free
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