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Physical Mechanisms of Importance to
Laser Thrombolysis

E. J. Chapyak and R. P. Godwin

Applied Theoretical and Computational Physics Division
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

ABSTRACT

Bubble dynamics plays a key role in many medical procedures including Laser Thrombolysis (L-T), acoustic and laser
lithotripsy, interocular laser surgery, photoacoustic drug delivery, and perhaps ultrasonic imaging. We are investigating the
effect that interfaces of different materials, especially biological and biomedical materials, have on the dynamics of nearby
bubbles. Collapsing bubbles often become nonspherical, resulting in spectacular directed motion with potentially both
beneficial and undesirable consequences. This directed motion may explain L-T mass removal and some types of laser-
induced tissue damage.

Keywords: laser thrombolysis, bubble dynamics, numerical methods, hydrodynamics, material properties, tissue properties
1. INTRODUCTION

For the past few years, the Oregon Medical Laser Center (OMLC) has conducted laser energy deposition experiments

with gelatin thrombus surrogates. 1-3 These experiments have generally consisted of gelatin and a fluid in planar contact. A
thin layer of gelatin, directly below the fluid, is impregnated with a dye that mimics the photo absorption characteristic of
thrombus. An optical fiber positioned in the fluid above the interface delivers laser energy that is transmitted through the
intervening fluid and absorbed in the colored gelatin, Bubble growth and collapse is always observed near the interface,
provided that the energy in the laser pulse is sufficiently large. Interpenetration of the interface, accompanied by significant
gelatin mass removal, also is observed at late time.

Figure 1 shows a sequence of nominally identical OMLC experiments, each one photographed at a different time, Here,
a 577 nm dye laser delivers 50 mJ of energy in approximately 1 ps through an optical fiber, about 0.33 mm in diameter,
terminated 1 mm above a gelatin-water interface. The dye layer in the 175 bloom gelatin is 1 mm thick and has an absorption
coefficient of 250 cm™1. These experiments are confined within a cuvette of 1 cm by 1 cm square cross section. The gelatin
layer in the cuvette is 4 cm thick and is covered with about 2 cm of water, above which is air at atmospheric pressure.

Our efforts at understanding these experimental results have focused on investigating the dynamics of collapsing
bubbles near the gelatin-overfluid interface. Because of the highly distorted nonspherical flows that evolve, numerical
simulations with the MESA-2D Eulerian computer code in cylindrical geometry have served as our primary analysis tool.
(MESA-2D has been benchmarked against several bubble dynamics problems. 3- 5) In these studics, we have modeled the
gelatin as water with slightly altered material properties. To date, we have considered two gelatin models; water with an
enhariced viscosity, and water with a low elastxc-plastxc material strength.

Reference 3 discusses the implications of the "viscous water” gelatin model when water is the overfluid. In this paper,
we present the implications of the second gelatin model with several overfluids. The results presented in Ref. 3 suggest that a
collapsing bubble at the gelatin-water interface produces a well-defined jet of water that penetrates the gelatin. Although this
behavior is not observed in the OMLC experiments, where gelatin penetrates into the water, it nevertheless suggests that
mterpenetratmg flows can be generated from bubble collapse near an interface between materials with only slight differences
in material properties.

2. OVERFLUID DENSITY VARIATIONS

Clinical applications of L-T employ a contrast agent, which is delivered through the catheter encapsulating the fiber
optic. The contrast agent displaces the arterial blood near the thrombus. Moreover, properties of this contrast agent can be
modified easily by dilution with saline solution. Thus, there is considerable interest in characterizing L-T mass removal with
different overfluids. The OMLC surrogate experiments have explored this parameter space by utilizing undiluted contrast




UwI0j TexSajur ay) ut passardxa 9q Ued SOIWBUAP WNNUKUOD JOF UOROW JO uonenbs sy,

ALRRVTINIS ONV NOLLVAYISNOD WNINIWON ¢

£ pueg sﬁx_.; ut punoy samwa; auqns arow 9q1 go awos sumldxs L1 ] srsz((eue ue apmoxd m ‘uonoas nau aq uI

anmmmmwm Mopq JQIBM [mmnou a1 ot sa;enauad pheab] “JQIBM ao/ﬁ
80 Jo 190 uaurword &3 s1 ¢ 814 ut juaredde aamesy sneurerp Isow Y, UONBMUIIS AJISUSP MO] 3Y) 10 UOTIEULIOJUT JRJIUILS
sSMoys ¢ amdrJ PIN[H2A0 J3jem, 29/8 1 oy ot saensuad eyl 193em reurwiou Jo 390 jusurwoid sy st [ 514 ui Juredde
JIMIBIJ OTJEWRID ISOW YL ~ANSWWAS [EOUpUI[Ad JO sIxe ue st s10]d jje ut sixe puey )ySu oy ], "doy ay) woxj Sundsford
193[qo [eoupurAd o se sreadde 1oq1y feonido sy ST Ul SUIN JJBIPUI SISGUINY N} AoYM ‘(JYSu) owmy SJe] 18 pue ‘(19ju30)
asdeqjoo “(o1) uorsuedxs Suunp sswn AP j6 uonemuns AIsusp ySng A 103 uonisod lleam 3[qqnq smoys g amSi g
-uonisodap 13s8] JO UOISI
oy} 03 pareduwoo a5re| pue sjuDUTLAX? J3SE Y UT PAAIISQO IS0} 0] 3jqeredurod ST 9ZIS 9[qqnq WNWINEW Y] SE Suof se
patenmu St PMOoIS 9[qqnq MOy 0} SATIISUISUL JSYIB 9q PINOYS awn aie] 16 dojaasp eyl smoyy Sunenauadiagui oy 1Bl 9A31j2q
oM moI3 a1qqnq enmut 0] pasn si ¢ 39y ul pasojdwa se ajqqng ,pass,, [eousyds ‘amssaid ySny sures oy rsiem feunuou
I3A0 J91em,, 93/8 () SEY UOHIBJNUIS PUGIS Y] S[IYM ‘IS)em [BUTHOU IA0 J3Jem, D3/3 41 SBY UONBINUIIS ISITJ 31 ‘Sny [
"20/8 §°0 18 ANSUSP [ENTUL Y} YIM IdeM USISUNIN-ITA & Pue 05/ ¢ 01 pajsnipe ANSUap [ETIUT ) UM IDJEM UISISURID
-3IA B ‘PIIESNSIAUT oM S[OPOUS PMIIISA0 OM ], “SJEIS-JO-UONEND2 GUASISUTID-OTA] B YIM P3[SpOu Jojem yns sjesouns
10[0 ) pasejdal am ‘sasuardjyTp Auadoid [eusiews 1710 WOIJ SUOTIBLIEA AJISUSP )B]0SI 03 J9pIO U] “Anjawosd jepuouruadxs
DDA U1 JO SUOTIRIMUITS [BdUWNU (7-V ST Surauopad £q AJISUSP PINLI2AO0 JO 1991J9 S} paleSnsoAul ap

-aouanbas swn [euswadxa uonsodap Jase] DTINO T S1d

sTIO0 L .

(wootq 541} t8b m
LY .

m—
Riem Wi

rw o5 . .

snsg l wuz s
"SPM[JI9A0 SE

“(99/8 §°(~) SONISUIP I3MO] SARY YOTYA ‘STIO [RISUTW Pue *(95/8 '] ~) J91em UBy} AJSUIP 198Ny 1BYMAWOS © SBY YOmM ‘pingj




d
= [ovidv=-§m,as,,
where 1, , the momentum flux tensor, is given by
. I, =0, +pv,v,,
with v; the velocity, p the density, and o;; the stress tensor of the continuum. For viscous fluids one can usually choose a
surface distant enough from the bubble center such that the right hand side of Eq. 1 is quite small. Under these conditions
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Fig. 2. Bubble interface time sequence for 1.4 g/cc "water" over nominal water.
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Fig. 3. Bubble interface time sequence for 0.8 g/cc "water” over nominal water.




% j pvdv=0,

and momentum approximately is conserved over the volume enclosed by the surface.

A useful model for the density dominated problems discussed above is the "split-sphere” model, at least during bubble
expansion and the early stages of the collapse phase. This model has the bubble consisting of two hemispheres, joined at the
equator, with the radius-time behavior of each hemisphere governed by the Rayleigh-Plesset (R-P) Equation3 (neglecting
viscosity and surface tension). A similarity analysis of the R-P Equation indicates that if R(t) is the spherical bubble radius as
a function of time with a surrounding p = 1 fluid, then R(tA, p) must be the bubble radius with a surrounding density p fluid.
This implies, for example, that, at a particular time during bubble expansion, the bubble on the high-density-fluid side will be
smaller than the bubble on the low-density-fluid side and that the collapse on the low-density side will lead the collapse on
the high-density side, although the maximum bubble size on both sides will be the same. This is indeed the case in Figs. 2
and 3. ‘

One can also show that the momentum density, which is proportional to p(dR/dt) is greater on the high density side than
on the low density side. This implies that the "split-sphere” has an imbalance of momentum that cannot persist if momentum
is conserved. We believe that the "fingers" of heavy fluid penetrating into the light fluid at the bubble equator in Figs. 2 and
3 are nature's way of correcting the “split-sphere” model to conserve momentum.

4. GELATIN STRENGTH EFFECTS

Thrombus and the thrombus surrogates (gelatin) used in the OMLC experiments have a limited ability to support shear
stresses. If we imagine straining a sample of gelatin, initially the stresses will grow proportional to the strains. This is
referred as the elastic regime. After some amount of strain develops, the material begins to deform plastically, where stresses
increase only slightly with large increases in strain. Plastic deformation is irreversible in the sense that the material does not
return to its initial shape after stresses relax to zero.

The numerical simulations that follow use an elastic-perfectly plastic material strength representation for the gelatin.
Once the plastic limit is reached in this model, strains increase without any increase in applied stresses. Two material
constants are required to characterize this model. The first, elastic, parameter is the shear modulus of the material, denoted
by ). The second, plastic, parameter is the plastic flow stress, denoted by Y. Values of shear modulus for gelatin have been

measured8 and typically are a few tenths of a bar. Plastic flow stress values for gelatin are less well known, but cannot be
more that about 0.2 bar without implying larger top-to-bottom asymmetries than are observed in the OMLC experiments.

Figure 4 shows bubble interface position at various times for a simulation of gelatin (1=0.4 bar, ¥=0.1 bar, otherwise
nominal water properties) and an overfluid of nominal water. The convention in Fig. 4 follows that of Figs 2 and 3. Note the
jet of gelatin that penetrates into the water and impacts the fiber optic at late time. This behavior is actually quite similar to
that observed in the OMLC experiments (see Fig. 1), and the mass of gelatin in the simulated jet is comparable to measured
values in the OMLC experiments whose bubbles reach a similar maximum size.? These experiments also suggest that
turbulent diffusion dilutes and mixes the gelatin jet with water at very late times. This effect is not modeled in our current
simulations. '

Additional simulations utilizing a range of gelatin strength parameters suggest that lowering the shear modulus
somewhat strengthens the jetting effect (and conversely), and that raising the plastic flow stress increases top-bottom

asymmetry.
S. COMBINED OVERFLUID DENSITY AND GELATIN STRENGTH EFFECTS

We conclude with some results on the combined effect of overfluid density and gelatin strength. Figure 5 shows bubble
interface position at various times for a simulation with gelatin as modeled in the Fig. 4 problem, but with an overfluid of 1.4
g/cc density "water", the same overfluid as in the Fig. 2 problem and representative of undiluted contrast fluid. The bubble
interfaces in Fig. 5 look similar to those of Fig 4, except that the jet produced at late time in Fig. 5 is somewhat larger than
that in Fig. 4.

Figure 6 shows similar information for the same gelatin model, but with an overfluid of 0.8 g/cc "water", the same
overfluid as considered in the Fig. 3 simulation. Here, the jet is suppressed and a film of gelatin is propelled into the
_ overfluid. Inthis case, ejection of gelatin still may occur, but the mechanism is quite different from the jetting observed in
previous simulations. These trends with overfluid density are qualitatively reasonable in view of the fluid behavior indicated
inFigs. 2 and 3.
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Fig. 4. Bubble interface time sequence for gelatin (u=0.4 bar, Y=0.1 bar, otherwise nominal water

properties), below, nominal water, above.
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Fig. 5. Bubble interface time sequence for gelatin (U=0.4 bar, Y=0.1 bar, otherwise nominal water
’ propetties), below, 1.4 g/cc "water", above.
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Fig. 6. Bubble interface time sequence for gelatin (1=0.4 bar, 1=0.1 bar, otherwise nominal water
properties), below, 0.8 g/cc "water”, above.

6. CONCLUSIONS

Interpenetrating flows generated by laser-initiated bubble growth and collapse near interfaces between different
biological /biomedical materials can explain some of the observed mass removal in Laser Thrombolysis as well as laser-
induced tissue damage. Numerical simulations suggest that laser energy deposition at an interface between a) fluids of
different density, but with the same viscosity, produces penetration of the heavier fluid by the lighter fluid, and b) fluids of
different viscosity, but with the same density, produces penetration of the more viscous fluid by the less viscous fluid.

Interfaces between fluids and materials with strength produce more complex results, with penetration possible in either
direction, depending on specific material property values. Simulations of the water-over-gelatin L-T experiments at the
OMLC suggest that gelatin is ejected into the water when realistic strength model parameters are assigned to the gelatin, in
qualitative agreement with the experimental observations.
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