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Abstract

The present paper proposes a model that describes the encapsulation of microbubble contrast
agents by the linear Maxwell constitutive equation. The model also incorporates the translational
motion of contrast agent microbubbles and takes into account radiation losses due to the
compressibility of the surrounding liquid. To establish physical features of the proposed model,
comparative analysis is performed between this model and two existing models, one of which
treats the encapsulation as a viscoelastic solid following the Kelvin-Voigt constitutive equation
and the other assumes that the encapsulating layer behaves as a viscous Newtonian fluid.
Resonance frequencies, damping coefficients, and scattering cross sections for the three shell
models are compared in the regime of linear oscillation. Translational displacements predicted by
the three shell models are examined by numerically calculating the general, nonlinearized
equations of motion for weakly nonlinear excitation. Analogous results for free bubbles are also
presented as a basis to which calculations made for encapsulated bubbles can be related. It is
shown that the Maxwell shell model possesses specific physical features that are unavailable in the
two other models.

l. INTRODUCTION

Encapsulated microbubbles, known as ultrasound contrast agents, are effectively used in
ultrasound medical diagnostics for increasing blood-tissue contrast during an ultrasonic
examination. They are also employed in therapy as a vehicle for targeted drug delivery.
Ultrasound contrast agents typically consist of a gas core surrounded by a shell of albumin,
lipid, or a polymer material. A number of theoretical models have been proposed for
different types of contrast agents.1~16 Most of them assume that the encapsulating layer
behaves as a viscoelastic solid following the Kelvin-Voigt constitutive equation. There are
also models that treat the encapsulation as a viscous Newtonian fluid.1:10:13.14 A viscoelastic
solid appears to be an adequate model for polymer and albumin microbubble shells. For
lipid shells, however, analysis of experimental data available in the literature suggests that a
better approximation may be achieved by treating a lipid coating as a viscoelastic fluid. To
substantiate this observation, let us analyze some experimental results obtained for lipid-
shelled contrast agents.
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An interesting observation as to resonance frequencies of lipid-shelled bubbles can be made
from a paper by Dayton, Allen, and Ferrara.1! The paper presents experimental
measurements of translational displacement for the contrast agent MP1950. MP1950 is a
phospholipid-shelled microbubble with a decafluorobutane core. Figure 4 of this paper
shows that at the excitation frequency 2.25 MHz the maximum displacement is observed for
a bubble with a resting radius of about 1.5 pm. It is reasonable to assume that the maximum
displacement is reached by a resonant bubble. Hence it turns out that a 1.5 pum radius lipid-
shelled bubble has a resonance frequency of 2.25 MHz. For comparison, the linear damped
resonance frequency of a free bubble of the same size is about 2.45 MHz. It is well known
that a viscoelastic solid shell increases considerably the resonance frequency as compared
with a free bubble.? Therefore the fact that such a low resonance frequency is observed
experimentally for lipid-shelled bubbles appears strange if the lipid shell is treated as a
viscoelastic solid.

Another demonstrative work bringing to light the difference between lipid- and polymer-
shelled contrast agents is that by Bloch et al.1” Figures 1(a) and 1(b) of their paper show the
behavior of two contrast agents, BR14 and BG1135, in response to increasing acoustic
forcing. BR14 is a perfluorobutane-filled microbubble, stabilized by a phospholipid shell a
few nanometers thick. BG1135 is an air-filled microsphere with a 100-nm-thick polymer
shell. Figure 1(b) shows that up to very high acoustic pressures, as long as the shell of the
polymer-shelled agent BG1135 remains intact, its oscillation is very insignificant. This is a
typical behavior of an elastic solid in response to a destructive action. The response of the
lipid-shelled agent BR14 to increasing acoustic forcing, shown in Fig. 1(a), is much
smoother, as if its shell were much more yielding. The destruction mechanisms of the two
agents are also different. The polymer-shelled agent BG1135 appears to acquire a shell
defect, allowing gas to stream out and form a new gas bubble, but leaving the original shell
intact. Whereas the formation of a shell defect has never been observed for the lipid-shelled
agent BR14. Instead, its shell fragmented along with its gas contents, forming a set of
smaller bubbles. The impression arises that the breakdown of the lipid shell occurs as if its
volume were insufficient to cover the entire bubble surface when the expansion of the
bubble becomes large, in contrast to the polymer shell which breaks up in the traditional
manner for elastic solid materials. Similar distinctions in destruction mechanisms were also
observed between albumin-shelled agents and the lipid-shelled agent MP1950.18 They
become explainable if we assume that the lipid shell has some fluid properties similar to the
properties of Maxwell media. Indeed, a discontinuity in a solid shell, if once appeared, never
vanishes completely, resulting in gas escape, while a discontinuity in a Maxwell material
can close.

It is well known that the Maxwell constitutive equation has been proposed to describe
complex materials that at fast effects behave as a solid, that is, they can deform, buckle, fold,
etc., while at slow effects, they behave as a fluid. In particular, stresses in such media can
relax in time, which is behavior impossible in traditional elastic solids. Among materials
which are modeled by the Maxwell constitutive equation are such different substances as
rosin, asphalt, glass, etc.1® In experimental papers on lipid shells,29-23 it is reported that
these consist of condensed phase (polycrystalline or gel-like) domains surrounded by
regions which are observed to have glassy or in some cases fluid-like properties. It is
reasonable to assume that, when considered as a single whole, such a structure can have
some properties of a Maxwell material. Note also that in biomedical ultrasound applications
we deal with fast, MHz effects. Therefore, the buckling of lipid shells in response to
compression at such high frequencies is not contradictory to the Maxwell model.

It should be noted that good agreement between experimental and simulated radius-time
curves for lipid-shelled contrast agents has been reported recently by Marmottant et al.,1°
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even though they treated a lipid coating as a viscoelastic solid. A possible explanation for
this result is as follows. The elastic regime is only a part of a compound model applied by
Marmottant et al. This part appears not to be of decisive importance. The entire model of
Marmottant et al. assumes that, when the bubble oscillates, the elastic regime holds only in a
narrow range of radii. Outside this range, the dynamics of the bubble is governed by an ad
hoc law for surface tension that is introduced by Marmottant et al. According to their law, if
in the course of expansion the radius of the bubble exceeds a threshold value, the shell
breaks up, the surface tension becomes equal to that for free bubbles, and the elastic term
becomes zero. A second threshold value is set for compression and if the radius of the
bubble goes below it, both the surface tension term and the elastic term vanish. As a result,
the effect of the shell in these two cases reduces to the shell viscosity term alone. We
suppose that bubbles in the simulation carried out by Marmottant et al. were mostly in this
regime of lacking elasticity. Thus their results do not necessarily refute the arguments
presented above.

The present paper proposes a model that approximates the rheological behavior of the lipid
shell by the linear Maxwell constitutive equation. The model also takes into account the
effect of translation on the radial motion of an encapsulated microbubble and acoustic
radiation losses due to the compressibility of the surrounding liquid. For comparison,
parallel with the Maxwell shell model, two existing models are considered. One of them
treats the encapsulation as a viscoelastic solid following the Kelvin-Voigt constitutive
equation and the other assumes that the encapsulating layer behaves as a viscous Newtonian
fluid. To demonstrate physical differences between the three models, they are examined in
the regime of linear oscillation.

Il. THEORY

Let us consider a spherical encapsulated gas bubble surrounded by a liquid and undergoing
radial oscillations in response to an imposed acoustic field. The geometry of the system is
shown in Fig. 1. Assuming the surrounding liquid and the encapsulating layer to be
incompressible, from the continuity equation it follows that both the velocity of the
surrounding liquid and the velocity inside the bubble shell are subject to the equation

V- v=0, (1)

where v stands for both of the above velocities. From this it follows further that

RAHR1 (1)
u(r, 7):M, (2)
2

where v(r, t) is the radial component of v,Ry(t) is the inner radius of the bubble shell, and the
over-dot denotes the time derivative. If R1<r<R,, where Ro(t) denotes the outer radius of the
bubble, v is the velocity inside the encapsulating layer; if r>R,, v is the velocity of the
surrounding liquid. Note also that the assumption of incompressible shell gives the
following equations:

R = Ri=R5, = Rjy.  RiRi=R5R», 3)

where R1g and Ryq are, respectively, the inner and the outer radii of the bubble shell at rest.
These equations will be used in further calculations.
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Conservation of radial momentum yields24

v Ov ap N 0Ty N 37,
N —+v—|=- —+— ,
P\or or or Or r (4)

where p is equal to ps or pi, ps and py, are respectively, the equilibrium densities of the shell
and the liquid, p is the pressure, and 1, is the stress deviator in the shell or the liquid.

The boundary conditions at the two interfaces are given by

Po(Ru.1)=p, Ry, 1) — 7SRy, 1+ 222
g s s 5 rr s Rl s (5a)

) _ 05 20,
Ps (RQ, ’) — Ty (R29 t)—pL(RL ') — T (RZs f)+ +Pac(’)s
R> (5b)

where Pg(Ry, t) is the pressure of the gas inside the bubble, o1 and o, are the surface tension
coefficients for the corresponding interfaces, and P,.(t) is the driving acoustic pressure at the
location of the bubble. Integrating Eq. (4) over r from R4 to R, using the parameters
appropriate for the encapsulating layer and from R, to o using those appropriate for the
surrounding liquid, assuming that the liquid pressure at infinity is equal to the hydrostatic
pressure Pg, and combining the resulting equation with Egs. (5), one obtains

Pr = Ps &
s Ry
3 - 4R} - R3\ R
S (pL Ps ) 2 1 1
2\ p 2R, )R

Ry r Ry (6)

This equation is very convenient to test various rheological models for the shell material and

the surrounding liquid. Testing can be done by just substituting respective rheological laws
for +$)(r, 1) and v2(r, 1) Equation (6) was used previously by Roy, Church, and Calabrese?
who treated the encapsulating shell as a viscous Newtonian fluid, and by Church® who
treated the encapsulating shell as a viscoelastic solid. In the present study, we will apply it to

model a lipid coating by a viscoelastic fluid following the Maxwell constitutive equation.

Pursuing our calculation further and assuming that the behavior of the gas core is adiabatic,
one has

Rio\”
Pg(Rl,w:Pgo(—“’ ,
Ry (7)

where Py is the equilibrium gas pressure in the bubble and v is the ratio of specific heats.
Assuming that the surrounding liquid is a viscous Newtonian fluid, #(r, r) is written as'®
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(D v
D_op 2.
Try un or (8)

where n_is the shear viscosity of the liquid. By using Egs. (2) and (8), the second integral
term in Eq. (6) is found to be

oo (L) 2 5
Dr, 1 R2R
R

3
g, T > (9)

The behavior of the shell will be approximated by the linear Maxwell constitutive equation
which can be expressed as!®

ar's) v
) 77
T, +Ad——=2n. —,
" ot s 5y (10)

where A is the relaxation time and ng is the shear viscosity of the shell. Equation (10)
deserves further comment. The Maxwell model is known to be an interpolation equation for
intermediate cases between an elastic solid and a viscous fluid. To demonstrate this, let us

assume that 5)(r, ) and v(r, t) depend on time as exp(iot), where o is the angular frequency
of the driving field. Then Eq. (10) gives

(s)__ s /A u
T =ilwd) or’

where u is the radial displacement, du/dt=v. For oA>1 (fast effects), this equation reduces to
Hooke’s law for solids, 7% ’=2,1, du/dr, with the shear modulus ps=ns /. While for o<1

(slow effects), one obtains 4 =2iwn, du/dr=2n, dv/dr, which is Newton’s viscous law for
fluids. These properties of the Maxwell model allow us to suppose that Eq. (10) may be an
appropriate approximation for the specific structure of lipid shells as described in the
Introduction.

By using Eq. (10), the first integral term in Eq. (6) can be worked out in the following way.
Substituting Eq. (2) into Eg. (10), one has

(S 25
T(.S.)+/la—T""):_ n RiRy
" ot 530 (11)

Equation (11) suggests that 5)(r, 1) can be written as

$)

T (r, )= — 41 2(_’2

r (12)

Substituting Eq. (12) into Eq. (11) shows that the function D(t) obeys the equation
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D(D)+AD(1)=R3R;. (13)
Using Egs. (12) and (3), the first integral term in Eq. (6) is calculated as
3fR2 4 )(r, 1) n. D((R3, — R}y)

2 AP = —
; ar= ']b

3 p3 :
" RiR; (14)

Substitution of Egs. (7), (9), and (14) into Eq. (6) yields

” - R,
RiR{ |1+ (pl'_ps) _l}
Ps R>
3 p3
+R §+('0L _ps) o[ FR R R
2 s 2R R,
1 Rlo)h 200 20 RIR, DR, - R,
:—P D — ——__'_4 _4 2 —P —P £ ’
Ps gO( Ry R, R, T R% 1l R%R% 0 2c(f) 5

where the function D(t) is calculated from Eq. (13).

Equation (15) can be modified to take account of the translation motion of the bubble and
radiation losses due to the compressibility of the surrounding liquid. The modification can
be performed by directly adopting necessary corrections from the equations of motion
obtained in Ref. 16. The result is

) —ps\R
R1R1{1+(p—’ ps)—ll
Ps Ry

5|3 - P 4R} -R3\R
+R] —+<pL p“) x [ =21t
2 Ps 2R )R
1
_ by
C Pg
P&
ps 4
1| (Ro)” 200 20, RIR D()(R3, - R}y) '
+— PgO('ﬁ) _—0-1'_—9-—-_47]L 131_ UB §03 = _PO_Pac(xa’)g
O Ry R, R R2 R1R2 (16)
where c is the speed of sound in the surrounding liquid, the function H is defined by
o \R | dG - -p\R'] . 0.\ RIQR: - R)
H= 1+(’IM)—l RIEZRRIR) % 1+(‘u)—1 2R 1+(p‘- pb) Sk’ a4 | 9
. R dr ps JR; Ps R, (17)

x(t) is the position of the center of the bubble in an inertial frame, and G denotes the right-
hand side of Eq. (16). Note also that the acoustic pressure is now written as P,.(X, t), where
the spatial argument x explicitly indicates that P,.(x, t) is the value of the driving pressure at
the location of the bubble. The compressibility correction is given by the last term on the
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left-hand side of Eq. (16), while the first term on the right-hand side of Eq. (16) provides the
coupling with the translational equation. This latter is given by

2 d 4 4r 5 0
X+—p, —(R3X)= — — R, —Pac.(x,1)+Fyg,
mpXx 3 leh( _V) 3 29y ac(X, D)+Fg (18)

where my, is the mass of the bubble, the second term on the left-hand side of Eq. (18) is the
added mass force, the first term on the right-hand side is the acoustic radiation force, and Fq4
is the viscous drag force which can be taken, for example, in the form of Oseen’s law2*

1 . .
Fa= = 7701, Ro3(24+90, Rol il /1,). 19

Oseen’s formula is known to be more relevant than the Stokes law when the Reynolds
number is close to unity. The Reynolds numbers in experiments on contrast agents are just
on this order.

For D(0)=0, from Eg. (16) it follows that

Rio Ry’ (20)

It is also worth noting that in the general case x in Egs. (16) and (18) should be considered
as the velocity of the bubble with respect to the velocity of the surrounding liquid. That is, if
there is a stream in the bulk liquid, due to the propagation of the acoustic wave, acoustic
streaming and so forth, x should be replaced with x—vey, Where vgy denotes the liquid
velocity unrelated to the presence of the bubble.

Thus, we have the set of three ordinary differential equations: radial Eq. (16), translational
Eqg. (18), and Eq. (13) for D(t). The set is supplemented with the first of Egs. (3) and Eqgs.
(17), (19), and (20). The initial conditions can be specified by R1(0)=R1g, R2(0)=R20,
R1(0)=R5(0)=0, x(0)=xp, %(0)=0, and D(0)=0. Simultaneous numerical solution of all these
equations yields the time-varying radius of the bubble and its translational displacement.

For comparison, parallel with the Maxwell shell model, we will examine two other existing
models that treat the encapsulation as a viscoelastic solid or a viscous Newtonian fluid. For
the first of them, which assumes that the shell material follows the Kelvin-Voigt constitutive
equation,

Jdv

S)_ ov
or’ (1)

ou
Trr “2/15 :"’2'75

with u the radial displacement in the shell and pg the shear modulus of the shell, the radial
equation takes the form>16
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RiR; 1
+ PL~Ps &
Ps R'_’
213
+R]| =
2

+ (pL — Ps )
Ps

4R3 - R}\ R,
SR
--tH
C Pg
e
Ps 4

Py — Poo(x, 1) 4R (7, R +n. (R
——— - —Po-Pix,1)|———— 5
Rl R’_? 0 ac p5R1R§ N, K+ UG

- Rjp)l
_ Aus (R, — Riy) a
PRy
_ Ry
Ry
_ Ry
Ry
3R}

1
X [1+=(1
2

q!
R; (22)
where the equilibrium gas pressure in the bubble, p?ov, is now given by

200 205 R} R 1 R 3R3
PRY=py Lty 24y [1- L0 (1—i) x 1+—(1— l) jpp— |
© %R0 Ry Hs R, Rio 2 Rio R},

(23)

The function H in Eq. (22) is defined by Eq. (17) as before but G in Eq. (17) is now the
right-hand side of Eq. (22), not Eq. (16). Ry denotes the unstrained equilibrium position of
the gas-shell interface and is given by6

1 205\ R
1——(P0+i) 2|,
Ayt Ry RiO

Ri.=Ryo

(24)

For the viscous shell model, which assumes that the shell behaves as a viscous Newtonian
fluid, one has?!
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§+(P1,‘Ps) x 4R§_Ri &
2 Os 2R, )R>

=Py — Py(x,1), (25)

where H is calculated from Eq. (17) with G being the right-hand side of Eq. (25).

The translational equation for the Kelvin-Voigt and viscous models remains the same as
defined by Eqg. (18).

lIl. LINEAR ANALYSIS

In this section, we will compare predictions of the three shell models in the regime of linear
oscillation. The purpose of this analysis is to reveal physical differences between the models
which result from the fact that the models are based on different rheological laws.

Let us assume that the incident field is weak so the amplitude of the radial oscillation is
small. Then one can write

_ e Rlo
R1=R10+&(1),  Ra=Ryo+—=£&(1),
R (26)

where it is assumed that |§| <Rqq. Linearizing Eq. (13) with respect to &, one has

2

. R, .
D+ip= 104
A7 27)

Assuming that the acoustic pressure can be expressed as P.(t)=P, exp(iot), where Py is the
pressure amplitude and o is the angular driving frequency, solution to Eq. (27) can be
represented as

D(H)=a&+bE. (28)
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Substituting Eq. (28) into Eq. (27), one finds

2?2 i
B Aw™Ry, B Ry,

B 1+(/lw)2 | B 1+(/lw)2 ' (29)

For the Maxwell shell model, linearizing Eq. (16) by means of Egs. (26) and using Egs. (28)
and (29) one obtains

. . 2 Pﬁc(’)
&40, E+wr E=— ———,
wST ST T 0p Rio (30)
where
a=1-(1-p,/ps)R10/Roo, @31)
_ M
8,=0,+0,,+6", (32)
5 _F’LRIO(‘)2
r— ’
acpy (33)
_ 47]LR10
" aps R;O’ (34)
1‘/1: 4’75 (RgO - RiO)
®apg R R [1+(Aw)?] (35)
2 2 2 oM
wou—woﬂi—’iw 6:;5 ’ (36)
. 1 2 205R3
i)
aps Ry, Rio R,, (37

It is somewhat unusual that in Eqg. (30) the resonance frequency wqy is a function of the
driving frequency o. Of prime interest is, however, not ogy because it is common
knowledge that the real resonance frequency of a system with damping differs from the
undamped resonance frequency wgy.2> To evaluate the damped (real) resonance frequency
of Eg. (30), let us consider a solution to this equation,
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~

T
0KV D)
aps Ry,

&()=A exp(iwt+ig), (38)
where
p=arctan[ w6, /(' — W?,)], (39)
A=P,Q(w)/(aps Riowp). (40)
) B 2 2 s 112
O(w)=wy/[(w™ —w;, ) +w 6, ] . (41)

The resonance response of the bubble corresponds to a maximum of the function Q(w). One
can see that Q(w) is a fairly complicated function of «. Therefore it will be examined
numerically below. The damped resonance frequency of the Maxwell shell model will be
denoted by wqm below.

For the Kelvin-Voigt shell model, expressions for the undamped and damped resonance
frequencies as well as damping terms were obtained in Ref. 16:

_ KV
Oy —6,.+6”L+6vs , (42)

3 3
:4’75 (Ryy = Rjp)

2 p3
aps Ry R, (43)

1 2 R}
1- 4—(P0+R02) X [3+ 50] }
# 20 R (44)

Note that the equations for a, 3y, and &, remain the same. The quantity wgky denotes the
undamped resonance frequency. The damped resonance frequency is given by

KV
S

3 3 3
{37 kv 201 2‘7'3R10+4“s(R20'Rlo)

v _ 291 _
& R R R},

20

2
1 2 KV, 2 KV 2 2 12 KV '
wm:ﬂ \/5{[,8 (6, +65 ) +4B(5,, +6. ) +OB W +1| = 2B, 46 )~ 1 .
where B=6r/u)2=pLR10/((XCp3).
The undamped resonance frequency, gy, and damping constants for the viscous shell
model can be obtained from Eqgs. (32)-(37) by setting A=0. The result is
v KV \ % 2 2
81 =0, 8, =0,+0,+0" =6y, W, =}, (46)
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To obtain the damped resonance frequency of the viscous shell model, one needs only to

replace woky in Eq. (45) with ogy=mg since 5‘,5 =5§V,

1 ~ 72 o) 1/2 7 172
W= —=([B7(8,,+05 ) +4B(S,, +65" )+ Wi +1] = 2B(6,, +6%" ) — 1)

BV3 (47)
In the process of comparing the shell models we will also refer to a free bubble. The
undamped resonance frequency, wgs, and damping constants for a free bubble can be
immediately obtained from Eqgs. (31)-(37) by setting R1g=R»q. This yields

Sp=0]+6/. 8/=Row’/c. o =dn,/(p,R}). 48)
, 23y -1
wh = ! 3yPo+ 3y L s
of R2 R
JRATY) 0 (49)

where Ry is the equilibrium radius of a free bubble and o is the surface tension at the gas-
liquid interface. It is easy to verify that these equations are identical to those obtained by
Prosperetti.28 Setting R1g=Rg in Eq. (45) gives the damped resonance frequency of a free

bubble as
! £2 f 2, 12 o
W= {[Br&! ) +4B6! +6(Brans)™+1] = 2Bp6! =1}
B3 (50)
with B=R/c.

Finally, we need to estimate the order of the shell parameters which will be used in further
calculations. The dynamics of lipid-shelled bubbles was modeled previously by Marmottant
et al.1® Neglecting the liquid compressibility correction, their model takes the form

R R 11
_PO_Pnc_4nLE_4KS__4/\/ > -3

) e b afh-s
- 0

L3,
RR+ZR*)=|P,
pL( 2 ) [0 Ro |\R R

(51)

where R denotes the instantaneous outer radius of an encapsulated bubble, Ry is the radius of
the bubble at rest, «g is the dilatational viscosity, and y is the elastic compression modulus.
Equation (51) belongs to the type of the so-called zero-thickness encapsulation models. It is
reported by Marmottant et al. that good agreement with experimental data is reached for
ks=7.2x1072 N s/m and =1 N/m. Now, if we neglect the compressibility correction and the
translational term in Eq. (22) and assume that the shell thickness Rs=R,—R7 is much smaller
than Ry and Ry, Eq. (22) reduces to an equation of the above-named type as well:

2
P0+—0-

Ro\ 2 R R R} (1 1
(—0) — 20 Py—Py—d1, =—121, Ry —=— 121, R, =2 x -,
Ro R

R R R R2\R, R

.. 3.9
o, (RR+—R‘) -
2 (52)

where o=c1+07. One can see that Egs. (51) and (52) are in agreement provided that
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ks=3R;n, and x=3R . (53)

Using these relations, one finds that for Rs=2 nm, ns=1.2 Pa s and pus=166.7 MPa. From
what is said after Eq. (10) it follows that the order of the relaxation time A corresponding to
these values of ng and pg can be estimated as A=ns/us~0.007 ps. These values will be used
as a guide in further calculations.

The values of the other physical parameters used in our calculations are pg=101.3 kPa,
pL=1000 kg/m?3, . =0.001 Pa s, c=1500 m/s, y=1.07, 5;=0.072 N/m, ps=1100 kg/m?, and
62=0.051 N/m. The parameters for the surrounding liquid correspond to water. The value of
6 was chosen following Morgan et al.? For simplicity, we set 5,=0. We believe this point is
not principal in the case of lipid encapsulation and cannot noticeably distort results. It is
apparent that for a very thin coating, as with lipid shells, the net effect of the two terms 26,/
R1 and 26,/R5 can be approximated with a good accuracy by the single term 26/Ro with
o=01t0y, i.e., as if o1 were equal to zero while o, were equal to the sum o1+o5. Note that
Marmottant et al.1° also offer considerations from which it follows that the surface tension
at the gas-lipid interface can be taken to be zero.

A. Resonance frequencies

Figure 2 shows the damped resonance frequency of an encapsulated bubble as a function of
equilibrium radius for the three shell models at three values of the shell viscosity, ns=0.5,
1.0, and 1.5 Pa s. The values of the other shell parameters used in these calculations are
Rs=2 nm, pug=166.7 MPa, and A=0.02 ps. The range of bubble radii was chosen to
correspond to the size of contrast agent microbubbles used in ultrasound medical
applications. The dashed line represents the damped resonance frequency of a free bubble,
fa=wg/2m, calculated from Eq. (50). Figure 2(a) demonstrates a well-known fact that a
viscous shell decreases the resonance frequency with respect to that of a free bubble and
leads to the utter extinction of resonance response for small bubbles. On the contrary, a
viscoelastic solid shell increases the resonance frequency relative to a free bubble, see Fig.
2(b). For small bubbles, however, the viscous damping inside the shell again results in the
absence of resonance. The Maxwell model, Fig. 2(c), shows a specific behavior that is not
observed in the two previous cases, namely, if the shell viscosity is not too high, the
resonance frequency of a bubble with a viscoelastic fluid shell can be both lower and higher
than that of a free bubble. In other words, as could be expected from what was said
following Eq. (10), the Maxwell shell can behave in both the viscous and elastic manner.
The damped resonance frequency of a bubble with a Maxwell shell, fg=wq4m/2r, becomes
higher than that of a free bubble, fy;, when the elastic properties of the shell begin to
predominate over its viscous properties. This takes place when wgpA is large enough. It is
found that it is not necessary for this quantity to be large compared to unity. For example,
from Fig. 2(c) it follows that f4q becomes higher than fg4s at wquA~0.68, which corresponds
to the resonant radius Ryg=0.79 pm at A=0.02 ps and ns=0.5 Pa s. With increasing A, which
means increasing elasticity of the shell, the critical value of Ryq increases as well. For
example, for A=0.025 ps and the same shell viscosity, the critical radius Ryp=0.95 um. Note
also that if fqy>fqr and the Maxwell model goes into the elastic regime, the resonance
response persists for arbitrarily small bubbles as the Maxwell model reduces to Hooke’s law
which ignores viscous damping. In regard to the ng=0.5 Pa s curve in Fig. 2(c), it is also
interesting to note that, despite the presence of the encapsulating shell, this curve remains
very close to the resonance curve for free bubbles within a wide enough range of radii.

The form of the resonance function Q(w) of the Maxwell shell model, Eq. (41), in the elastic
regime is specific as well. The resonance functions of the two other models can be only of
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two types, either with a global resonance peak or, if the resonance response is suppressed by
the shell viscosity, monotonically decreasing as the driving frequency increases. Figure 3
shows that the resonance function of the Maxwell model in the range of bubble sizes
corresponding to the elastic regime can take the form of a curve with a local maximum. This
effect gives rise to the resonance response for indefinitely small bubbles. However, the
strength of the resonance oscillation of such bubbles can be smaller than the strength of their
nonresonance oscillation at a lower driving frequency, see the Ry3=0.4 um curve in Fig.
3(b).

B. Damping coefficients

For the Kelvin-Voigt and viscous models, the damping coefficients are identical, see Eq.

M
S

(46). The difference with the Maxwell model is only in the shell viscosity term &

(35) and (43). Due to the factor [1+( )] 2, 63{ is always smaller than 5},§V=62‘;, the
divergence increasing as frequency increases. This means that the total damping for a
Maxwell shell is always smaller than that for the two other types of encapsulation. The totals
of the damping constants of the shell models are shown in Fig. 4 as functions of frequency
for equilibrium bubble radii of 0.5 pum, Fig. 4(a), and 1 pm, Fig. 4(b), assuming ns=1.0 Pa s
and Rs=2 nm. The upper curve in both the parts of Fig. 4 corresponds to the Kelvin-Voigt
and viscous models. The bottom (dashed) curve gives the total damping coefficient for a free
bubble, &, calculated from Eq. (48). The three intervening curves were obtained for the
Maxwell model at three values of the relaxation time, A=0.01, 0.02, and 0.03 ps. It is seen
that the larger the relaxation time, the closer the Maxwell curve is to that for a free bubble.
As with resonance frequencies, we again observe an interesting effect inherent in the
Maxwell model, namely the damping of a bubble with a Maxwell shell can be fairly close to
that for a free bubble.

cf. Egs.

Comparison of Figs. 4(a) and 4(b) shows that increasing the bubble size makes all the curves
approach each other. This is an expected result since the relative contribution of the viscous
damping decreases with increasing bubble size as follows from Egs. (34), (35), (43), and
(48). On the contrary, the relative contribution of the acoustic damping increases as is seen
from Eqg. (33). But the acoustic damping coefficient is the same for all the three shell
models. Moreover, if the shell thickness is small as in our case, the result of Eq. (33) does
not differ much from the acoustic damping for a free bubble, Eq. (48). As a consequence,
the damping-frequency curves for all the shell models and the free bubble come closer
together as the equilibrium bubble radius increases.

Both 5j:f and 5:3/ are linearly dependent on the shell viscosity ns. Therefore variations in ng
cannot lead to qualitative changes in Fig. 4 and are not exemplified here. Note also that our
analysis ignores the thermal damping. This neglect is justified for MHz frequencies and
micron-sized bubbles which are used in ultrasound medical applications since the relative
contribution of the thermal damping is negligible under such conditions.>26

C. Scattering cross sections
The scattering cross section of a bubble is defined as

P

o s=4nr* / Pf,, (54)

where P, is the pressure amplitude of the incident acoustic wave and Py is the pressure wave
scattered by the bubble. In the case of linear oscillation, P can be written as
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P::/JLR%OE/”’ (55)

where & is defined by Egs. (38)—(41), provided the expressions for the resonance frequency
and the damping constant are changed to those needed for the shell model considered.
Substituting Eq. (55) into Eq. (54), one finds

47rpER%Ow4

s 2 2521
a ps[(U) wm) +w ] (56)

where, according to the model required, & is p, dky, OF dy, and p, IS Wom, ®oKy, OF Wy,
respectively. For a free bubble, one has

4nR3w*

Tsf=

(@ = W)+ 0; (57)

where Rg=Rq in our calculations.

Calculated values for the linear scattering cross sections of the three shell models,
normalized to the respective geometrical cross sections of bubbles, are given in Fig. 5 as a
function of equilibrium bubble radius for a driving frequency of 2.5 MHz. The values of the
shell parameters used in these calculations are Rg=2 nm, ng=1.0 Pa s, us=166.7 MPa, and
1=0.05 ps. The scattering cross section for free bubbles is presented by the long-dashed line.
It is seen that the Kelvin-Voigt model gives the vastly greater amplitude of the scattering
cross section than the two other models. This occurs as the Kelvin-Voigt shell increases
considerably the resonance radius of encapsulated bubbles, while the resonant scattering of
larger bubbles is known to be of greater intensity. The resonance radii of bubbles with the
Maxwell and viscous shells remain close to those for free bubbles, but unlike free bubbles,
bubbles with the Maxwell and viscous shells undergo the additional damping due to the
shell viscosity. As a result, the amplitudes of their scattering cross sections are much less
than for free bubbles resonant at the same frequencies.

Figure 6 shows that increasing the relaxation time in the Maxwell model increases the
amplitude of the scattering cross section, not giving rise, however, to an increase in the
resonance radius of the encapsulated bubble. As one would expect, increasing the shell
viscosity in the Maxwell model results in decreasing amplitude of the scattering cross
section, see Fig. 7.

IV. TRANSLATIONAL MOTION

To compare predictions of the three shell models regarding the translational displacement of
encapsulated bubbles, the values of the shell parameters were chosen as follows. The shell
thickness and the shell viscosity were set equal to Rs=2 nm and ns=1.0 Pa s, respectively.
The shear modulus pg responsible for the elastic properties of the Kelvin-Voigt model was
set equal to pg=100 MPa. The relaxation time A specifying the elastic properties of the
Maxwell model was taken to be equal to A=ns/us=0.01 ps. This choice allows one to reckon
that the shell parameters of all the models are commensurable so that differences in the
predictions of the models are due to qualitative rather than quantitative differences in their
behavior. The values of the other physical parameters used in these calculations were the
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same as indicated after Eq. (53). It was assumed that bubbles were set in motion by a single
20-cycle acoustic pulse with a pressure amplitude of 100 kPa and a center frequency of 2.5
MHz. The translational displacement was fixed after the termination of the pulse.
Simulations were carried out by numerically calculating Egs. (16) and (18) for the Maxwell
model, Egs. (22) and (18) for the Kelvin-Voigt model, and Eqgs. (25) and (18) for the viscous
model. The translational displacement for free bubbles was calculated using the equations of
motion presented in Ref. 27. The results obtained are given in Fig. 8. One can see that the
peak displacement given by the Kelvin-VVoigt model exceeds those predicted by the other
two shell models. Since the Kelvin-Voigt shell increases the resonance frequency of an
encapsulated bubble with respect to that of a free bubble of the same size, the bubble radius
corresponding to the Kelvin-Voigt peak displacement is considerably larger than those for
the other two shell models and free bubbles. It is interesting to note that the Maxwell model
allows one to increase the value of the peak displacement by increasing the relaxation time,
not changing the value of the shell viscosity and not increasing the value of the bubble
radius corresponding to the peak displacement. This effect is illustrated in Fig. 8 by the
upper Maxwell curve obtained at 2=0.03 ps, all the other parameters being the same.

V. CONCLUSIONS

Experimental data show that lipid-shelled contrast agents have properties that distinguish
them from albumin- and polymer-shelled agents. Among such properties are low resonance
frequencies of lipid-shelled bubbles, different destruction mechanisms, and the specific
structure of lipid monolayer coatings being a combination of condensed phase domains
surrounded by fluid-like regions. These experimental observations suggest that a viscoelastic
fluid may be a better approximation for lipid shells than a viscoelastic solid or a simple
viscous fluid. Based on this hypothesis, a new theoretical model for a lipid-shelled bubble
has been proposed. The model assumes that the rheological behavior of the lipid shell
follows the linear Maxwell constitutive equation. The model also incorporates the
translational motion of the bubble and radiation losses due to the compressibility of the
surrounding liquid. To reveal physical features of the new model, comparative analysis has
been performed between this model and two existing models. One of them treats the
encapsulation as a viscoelastic solid following the Kelvin-Voigt constitutive equation, and
the other assumes that the encapsulating layer behaves as a viscous Newtonian fluid.
Comparison between the three shell models was carried out for resonance frequencies,
damping coefficients, and scattering cross sections in the regime of linear oscillation.
Numerical simulations on the translational dynamics were made for weakly nonlinear
excitation by using the general, nonlinearized equations of motion. Analogous results for
free bubbles were used as a common basis to which calculations made for encapsulated
bubbles can be related. It has been shown that the new model possesses specific physical
features that are unavailable in the two other models.
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Figure 1.
Schematic sketch of an encapsulated bubble.
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Figure 2.

Damped resonance frequency as a function of equilibrium bubble radius for three values of
the shell viscosity ns. (a) Viscous model, fqy=w0qv/27; (b) Kelvin-Voigt model, fyxv=o4dk\v/
2z, us=166.7 MPa; (c) Maxwell model, fygm=mgm/2n, 2=0.02 ps. The shell thickness Rg=2
nm. The dashed line shows the damped resonance frequency of a free bubble.
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Figure 3.

The resonance function Q(w) of the Maxwell shell model for various values of the
equilibrium radius Rpg. (a) A=0.025 ps; (b) A=0.02 ps. The shell viscosity ns=0.5 Pa s and
the shell thickness Rg=2 nm.
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Figure 4.
Total damping coefficients as a function of frequency. (a) Rop=0.5 um; (b) Ryp=1.0 pum. The
shell viscosity ns=1.0 Pa s and the shell thickness Rg=2 nm.
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Figure 5.

Scattering cross sections as a function of equilibrium radius for the three shell models and
free bubbles (long-dashed line) at a driving frequency of 2.5 MHz. The shell parameters are
Rs=2 nm, ng=1.0 Pa s, ug=166.7 MPa, and 1=0.05 ps.
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Figure 6.

Scattering cross sections as a function of equilibrium radius for the Maxwell shell model
with 2=0.05, 0.1, and 0.2 ps, at a driving frequency of 2.5 MHz. The shell viscosity ns=1.0
Pa s and the shell thickness Rs=2 nm. The dashed line corresponds to free bubbles.
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Free bubble ,/ \
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Figure 7.

Scattering cross sections as a function of equilibrium radius for the Maxwell shell model
with ng=0.5, 1.0, and 1.5 Pa s, at a driving frequency of 2.5 MHz. The relaxation time A=0.1
us and the shell thickness Rs=2 nm. The dashed line corresponds to free bubbles.
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Figure 8.

Translational displacement as a function of equilibrium bubble radius. Bubbles are
insonified with a 20 cycle, 2.5 MHz, 100 kPa acoustic pulse. The displacement is fixed after
the termination of the pulse. The shell parameters are Rg=2 nm, ns=1.0 Pa s, and us=100
MPa. The curves for the Maxwell model are calculated at A=0.01 and 0.03 ps.

J Acoust Soc Am. Author manuscript; available in PMC 2011 May 12.



