Modulational Instability and Localized Modes for
Ultrasound Contrast Microbubbles Surface
Oscillations

Serge Dos Santos Victor Sanchez-Morcillo, Noé Jiménez
Centre - Val de Loire Université, Departamento de Fisica Aplicada, IGIC,
INSERM U930 "Imagerie et Cerveau" - CNRS ERL 3106, Universidad Politecnica de Valencia,
ENI Val de Loire, 3 Rue de la Chocolaterie, BP3410, ¢/ Paranimf 1, 46730 Grao de Gandia, SPAIN

41034 Blois cedex, FRANCE

Jennifer Chaline, Ayache Bouakaz
INSERM U930 "Imagerie et Cerveau" - CNRS ERL 3106,
Université Francois Rabelais, Batiment B1A, ler Etage,
CHRU Bretonneau 2 boulevard Tonnellé, 37044 Tours CedeRANEE

Abstract— Microbubble surface modes appear when contrast  One of the mechanisms which may enhance the above
agents are insonified with specific ultrasound pulses. In tisicase, described processes is the excitation of particular serfac
the radius becomes a space-dependent function which can benqes of UCA, as the result of insonification with specific

expanded on the basis of spherical harmonics describing the . - .
spatial vibrational modes of the bubble. The radial symmety- ultrasound pulses [S]. The basic, radially symmetric moag m

breaking, which appears through a Modulational Instability (Ml), ~b€come unstable via a Modulational Instability (MI) [6].cBu

is typical of many extended nonlinear systems subjected tawex-  instability brings a system from a spatially uniform state t
ternal driving. Here we present a mechanical analogue of bulle g spatial dependent state (a higher order vibration mode) in
pulsations, consisting in a macroscopic ring of coupled o#tators nonlinear systems subjected to an external driving.

driven by parametric forcing. Depending on the amplitude ard L - . -

the freqze?]cy of the drivir?g, th% mec?qanical fing ppresents a The objt_ectwe of this work is to study_ microbubble surface

parametric instability leading to surface modes and locatied ~Modes which appear when UCA are driven by ultrasound and

modes oscillating at subharmonics of the parametric excitéon. exhibit shape-unstable behavior caracterized by parametr

Bubbles are used as contrast agent in medical ultrasound inggng  stability. Using the analogies evidenced by the symmetaj-an

and to carry some drug to special locations. The perspectivef  yqis the study is performed with a mechanical macroscopic

this analysis is to define practical optimized ultrasound plses °. - S .

exciting the bubble and leading to drug delivery applicatios. ring of cqupled osmllgtors, Wh'ch IS easier .to r_neasu.re and

characterize. The vertical oscillation of the ring is e@l@nt

to the external pressure field incident on the bubble. Thus a

correspondence between both systems can be stablished. Our
Targeted drug delivery is one of the most important, buiterest in this study would be to determine the externaliaco

not yet attained, goals of modern pharmacology and therafigal pressure on a bubble to a given excitation frequencyfo

In recent years, new promising possibilities for targeteagd specific surface mode. As the parametric driving increases,

delivery have been discovered that can be realized by usingth systems the radially symmetric wall oscillatiaR({) =

microbubble ultrasound contrast agents (UCA). These agel,+r(t)) is no more present and an unstable behavior coming

can carry drugs and selectively adhere to specific sitesein fhhom breathing mode appears and some spherical modes grow,

human body. This capability provides great possibilities f resulting in symmetry breakingR(¢) ~ R(t,0,$). Surface

localized drug delivery in combination with a phenomenomodes can be analytically described as a linear composition

know as sonoporation. Sonoporation is a process in whiohspherical harmonics ( [7] and [8]). Our aim is also to link

ultrasonically activated contrast agent microbubbledsgit the appearance of one or several spherical harmonics véth th

ing nearby biological barriers (cell membrane or endo#heliexistence of a modulational instability in the system.

layer), increase their permeability and thereby enhanee th

penetration and the extravasation of external substarides [

[3]. In this way drugs can be delivered inside individuallgel Starting from the continuous Marmottant’'s model [9], for

without serious consequences for the cell viability. Atgenat, the vibration of the bubble radiug(¢), and a discrete non-

however, there is no consensus on the underlying mechanigimear model for the discretized radius with periodic boairyd

of sonoporation and the problem of acoustic microstreamiegnditions and nonlinear coupling between surface modés, M

[4]: in bubbles is investigated numerically. After a first step of

I. INTRODUCTION

II. SIMILARITY ANALYSIS



Symmetry Analysis [10] applied to the nonlinear equations
associated to the physical systems, invariant properties a R (t)
an identification of dimensionless similarity variableatthnk n+l
both continuous and discrete models. Thanks to this siityilar n(t)
analysis, the bubble can be studied with a macroscopic me-
chanical 1D ring chain. A theoretical model for the ring chai Rn—l(t)
is proposed. Our experimental setup consist in a ring with
diameterD = 73 cm, formed byN = 48 nonlinearly coupled 0
pendula with massn = 6 g and lengthl, between 3.2 cm >
and 15 cm, with periodic conditions. The second step cansist
in studying numerically the MI criterion versus the ampdi¢u
of external field applied to the bubble. The analysis and the
experiments reveals the existence of Intrinsic Localizextibs
(ILMs), similar to those found in other more generic systems
of nonlinearly vibratory lattices. The observation of ILM i kg 1 simpiified model of the bubble with discrete radiét, 0, ¢) ~
1D chain of coupled oscillators [11], [12], presenting many(t, 6) ~» Rn(t). Each particle produce a radial evolutidty, (t) depending
similarities with the discrete bubble model, showed to piayon_the substrat potential and a linear/nonlinear coupleyedding on the first
. . . . o neighborsf(Ry,—1(t), Rn(t), Rnt+1(t))
role in creating spatio-temporal localized excitationadiag
to the breaking of the bubble. In our periodic pendulum

lattice apparatus describing the macroscopic equival@ficeone can be seen as free bubbles, i.e. bubbles without shell.

the bubble, the system parametrically driven at 5.4 Hz ptsseThe boundary condition on the Rayleigh Plesset equation is
subharmonic behavior and localized modes oscillating at 2. 20(R) B
(o

Hz. Versus the amplitude and the frequency of the driving, P,(t) — Pi(t) = +4p= +4,€S£’ (4)
the mechanical ring presents parametric instability serfa R R R?
modes and localized modes oscillating at subharmonicseof there P, (t) the pressure of the gas in the bubbig(t) the
parametric excitation (see multimedia files and httprasions- pressure of the liquid surrounding(R) the surface tension,
inserm.med.univ-tours.fr/aTelecharger/sDos/Sergeedsy. 1 the viscosity ands, the surface dilatational viscosity. By
taking it into Rayleigh-Plesset equation a space dependent
Ill. REAL AND ANALOG BUBBLE MODELING surface tension, one obtains the Marmottant's model:

There are several approaches for the modeling of nonlinear , ... . .. QU(R()) -3k 3 1
bubble dynamics, all of them taking a starting point thepl( R+ R) . (P +_ ) (Ro) (1_ ?R) +
Rayleigh-Plesset equation. It was been recently proposed i, + 2@ + % + ‘“}‘%—QR = —Pac(t)
generalized description using a Hamiltonian formalism],[13 (5)
where the expansion of the radius in a series of spherigdhere p;, 0, k, c, i, ks are bubble’s parameters. With an ex-
harmonics is given by ternal driving defined by? = P, + P,.(t), the linearization

consist in assumin@(t) = Ro +er(t), ando(R) = o(Ro) +
R(t) ~ R(t,0,¢) = +€Z Z ai(t y< L 6). (1) 2€m (}; ) with e a small quantity, and retaining terms in
=0 m——1 the leading order ot. In this case, it can be shown that the

. . . radius behaves as a linear driven-damped oscillator, as
The monopole pulsatiorfi = 0) is characterized by the u v ! v P !

Pu.(t
resonance frequency () + 297 () + wir(t) = — }52)’ (6)
piiry
2 -1 .
w2 = 22 Ky = 22 <,€patm + y> . (2) Wwherew is given py Eq.[(R) _
pPig Pty 0 Assuming classical values for bubble’s physical paramseter

the dipole modei(= 1) corresponds to translational motionN€ have the approximate condition

(displacement of the bubble center of mass), and shape oscil fo[MH 2| Ro[pum] ~ 3. 7)

lations ( > 2) are characterized by a frequency o )
The similarity property can be writterfo[Hz]Ro[m] ~ 3

5 (3) and explain the typical sizes chosen for the macroscopic
R experiment with coupled pendulum. Using the Prosperetti's
Marmottant's model for ultrasound contrast agents [9],althi model for the expansion in spherical harmonk;(sm) 0, 9),
describes coated bubbles, stand on the Rayleigh-Plessat ethe linearized bubble oscillation is then described by

tion with some boundary conditions, given by the dependence . . 2

of the surface tension on the coordinate on the bubble wirfac G(t) + 2yau(t) + wia(t) =0, (8)
o(R). Three particular cases are considered, describing buekiere w; is given by Eql(B). If the spherical (radial) mode
led bubbles, elastics bubbles and ruptured bubbles. The lasunstable,i.e. R(t) ~~ R(t,6), a modulational instability

—(-D)(1+1)(+2)—
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j \ i Fig. 3.  Spherical modé’l(:";) observed whenfy = g‘gsf Modulational
i " _ instability is observed in the time and frequency domairp (tight curve).
-

Localized mode observed g = {ﬁgg showing a trapping like behavior of

7 e 7 ; energy. Modulation instability is observed in the time anehfiency domain
localized e ,’ (top right curve)
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L'\ - w-’“i wheren is proportional to the driving amplitudey, is the
w2

natural frequency ang. (R,—1(t), Rn(t), Rnt1(t)) is pro-
portional to the nonlinear coupling between nearest neighb
Fig. 2. Macroscopic pendulum chain with the following paegensN = 48, masses with the periodic conditidty (¢) = Ro(¢). The poten-

Rop = 36.5cm, m = 6g andly = 15cm(top),lo = 3cm(bottom). When the .. _ 2 _
parametric excitation is driven at frequenfy = 2.57 Hz, the spherical mode tial force fS(R (t)’ t) - R"_(t) wy + ﬁcos@wemft) (ana
v.(™) appears. When the parametric excitation is drivenfat= 4.5 Hz, logue to a substrate potential) describes the time-deménda

thle:?oca}ized m_ode appears and oscillation of the singldcpde is arou_nd parametric force corresponding to the external presBuré)
{[(;’st?/a%Pé'é‘ﬁ;’?gee?'/ists,sci?gﬁﬁ,fé’&igg,at hitp:/Jultrasons-insened.univ-  applied to the bubble. This term is produce by the time-
dependant gravity force in the macroscopic spherical pendu
lum chain. The parametey, represents the linear spherical
appears. As known from literature, this instability is als§'0de Of the system (lowest frequency in the dispersion gurve
related with the excitation of localized modes, which havéthe amplitude of the parametric excitation which is ideedfi
been observed both in the ring of oscillators and in the ré@ the amplitude o (t), andwe,. is the angular frequency
bubbles driven by an ultrasound field. of the parametric excitation. . .
A basic hypothesis is the discretization of the spatial coor 'S model has been simulated numerically, and a experi-
dinates describing the motion of the bubble surface. Also Waental setup has been designed to confirm the predictions. As
reduce the dimension of the problem, the relevant dynamiown in the Fig.lV, thelV = 8 mode (top) and a localized
being that which occurs on a plane (e.g. defined by the equdidpde (bottom) are observed numerically.
of a _bubble). This agrees wi_th the ap_proach dgveloped by IV. CONCLUSION AND PERSPECTIVES
Maksimov et al [13] for describing nonlinear spatial modes

in bubbles. We assume that We propose to analyze UCA spherical modes in complete

analogy with the properties of parametric instability of a
R(t,0,¢) ~ R(t,0) ~ Ry, (t) (9) linear chain of coupled pendula, with nonlinear coupling an

h is th » ‘ in th il eriodic properties. The possibility to evaluated the ropted
where Fn (1) IS the position of one mass in the oscillatoy, i 4onic excitations of UCA for sonoporation applicaso
chain (proportional to the angle with respect to verticél).

. ! is underlined through the study, in complete analogy, of
describes t_he spatio-temporal dependence of the_ mecnanb?ﬁimized mechanical excitations of macroscopic mectznic
bubble_ radius at angl@ - _”90_’ 0o = 2m/N being the experiments in the laboratory. The perspective is to cotaple
sampling step of thé-discretization ¢ = 0,..., N —1). The o gymmetry Analysis [10], [14]-[16] method where all
following model is then derived variables are studied thanks to a transformation by usieg th

En(t) + vEn(t) + Ru(t) [w% + ncos(2wemt)} (10) groupG a one parameter

= fe (Rn-1(t), Ru(t), Rut1(t)) G:8=C%0a)S + K*(a), 11)



where S denotes physical variables used in both nonlin-
ear models of the bubble and the mechanical chain. The
perspective of this analysis is to define practical optimiize
ultrasound pulses exciting the bubble and leading to drug
delivery applications. It is also planned to establish ¢toas
under which the surface modes developing in the bubble shell
near a boundary (blood vessel wall) become unstable, @ausin
the disruption of the shell and the escape of the interngl gas
for sonoporation applications.
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