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A generation of tissue-specific stable ultrasound contrast agent (UCA) composed of a polymeric

capsule with a perfluorocarbone liquid core has become available. Despite promising uses in clini-

cal practice, the acoustical behavior of such UCA suspensions remains unclear. A simulation code

(2-D finite-difference time domain, FDTD) already validated for homogeneous particles [Galaz

Haiat, Berti, Taulier, Amman and Urbach, (2010). J. Acoust. Soc. Am. 127, 148–154] is used to

model the ultrasound propagation in such UCA suspensions at 50 MHz to investigate the sensitivity

of the ultrasonic parameters to physical parameters of UCA. The FDTD simulation code is vali-

dated by comparison with results obtained using a shell scatterer model. The attenuation coefficient

(respectively, the sound velocity) increases (respectively, decreases) from 4.1 to 58.4 dB/cm

(respectively, 1495 to 1428 m/s) when the concentration varies between 1.37 and 79.4 mg/ml, while

the backscattered intensity increases non-linearly, showing that a concentration of around 30 mg/ml

is sufficient to obtain optimal backscattering intensity. The acoustical parameters vary significantly

as a function of the membrane thickness, longitudinal and transverse velocity, indicating that mode

conversions in the membrane play an important role in the ultrasonic propagation. The results may

be used to help manufacturers to conceive optimal liquid-filled UCA suspensions.
VC 2011 Acoustical Society of America. [DOI: 10.1121/1.3543966]
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I. INTRODUCTION

Recent advances in ultrasound imaging are due to the

use of broadband transducers of increased bandwidth, result-

ing in higher axial resolution and allowing to shift to higher

center ultrasonic frequencies. Higher lateral resolution is

achieved, providing better images with higher contrast reso-

lution. As in other imaging techniques, the use of ultrasound

contrast agents (UCA) opens new diagnostic opportunities

(Goldberg et al., 2001). These agents improve the image

quality by increasing the backscattered echoes from the

desired regions up to 25 dB, and the use of UCA may signifi-

cantly improve high frequencies ultrasound imaging (Berson

et al., 1999; Foster et al., 2000; Foster et al., 2002; Ketter-

ling et al., 2007).

Recently, in vivo use of UCA at frequencies above 20

MHz has been suggested (Foster et al., 2000; Ketterling et
al., 2007) for different applications involving microcircula-

tion, ophthalmic disease diagnosis, and small animal imag-

ing (Berson et al., 1999; Foster et al., 2002). The use of high

frequency provides near-microscopic resolution for studies

of development, atherosclerosis, tumor growth or angiogene-

sis, and drug effects (Goertz et al., 2002). At high frequency,

the detection of second harmonic behavior of UCA may

become difficult because of strong attenuation values. Con-

sequently, new techniques are currently investigated, such as

subharmonics imaging (Goertz et al., 2006; Cheung et al.,
2008) and radial modulation imaging, (Cherin et al., 2008)

and new UCA are specifically designed for high frequencies

acoustic imaging. Investigations have been performed for

instance at 40 MHz on lipid vesicles (Moran et al., 2006), at

50 MHz on polymer capsule with a perfluorocarbon liquid
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core (Pisani et al., 2006), and in the range of 15 to 50 MHz

on liquid perfluorocarbon emulsion (Couture et al., 2006).

Some of these new UCA have been functionalized to specifi-

cally target receptors (Diaz-Lopez et al., 2009). In doing so,

their concentration can be locally increased which in turn

enhances the UCA response to ultrasound (Hughes et al.,
2005). It has also been shown that non-functionnalized UCA

can aggregate or coalescence at a cancer tumor site (Rapo-

port et al., 2007).

To pass through the lung capillaries and enter into the

systemic circulation, microbubbles as a vascular contrast

agent should be less than 10 lm in diameter (Keller et al.,
1987). Stability and persistence are the major concerns for

such small microbubbles. Most vascular contrast agents are

stabilized against dissolution and coalescence by the pres-

ence of additional materials such as polymeric proteins at

the gas–liquid interface. In some cases, the material at the

UCA outer interface is an elastic shell that enhances the

microparticle stability. In other cases, the material is a lipid

or a combination of two or more lipids. Moreover, newer

agents use perfluorocarbon gases instead of air because of

their low solubility in blood and high vapor pressure (Diaz-

Lopez et al., 2010). Thanks to this substitution, the stability

and longevity of the agents have been markedly improved

after intra-venous injection, usually lasting more than 5 min.

New clinical possibilities arise from tissue-specific

ultrasound contrast agents, taken up by specific tissues, such

as the reticuloendothelial system (Forsberg et al., 1999).

Some specific UCA may also adhere to specific sites such as

venous thrombosis (Lanza et al., 1996). These effects may

require several minutes to several hours to reach maximum

the effectiveness. For that reason, a new generation of stable

contrast agents designed for therapeutic applications such as

drug delivery or gene transfer has become available (Couture

et al., 2006; Pisani et al., 2006). They are composed of a

poly(lactic-co-glycolic acid) (PLGA) polymeric capsule

with a liquid perfluorooctylbromide (PFOB) core.

Despite promising uses of UCA in clinical practice, the

acoustical behavior of UCA suspensions still remains

unclear, owing to the complexity of the involved modeling.

This is unfortunate as the understanding of ultrasound propa-

gation in UCA solutions is of great importance in the design

and optimization of UCA for clinical use. To describe the

interaction between a single isolated UCA particle and an

ultrasonic wave, two different models based on (i) the

Rayleigh-Plesset equation (Church, 1995; Allen et al., 2002)

and (ii) scattering phenomena have been derived in the liter-

ature. The Rayleigh-Plesset equation is based on dynamics

of the motion of the bubble using the Navier-Stokes equa-

tions and is well adapted to the case of air-filled particle as

large deformations of the particle radius may be taken into

account. Scattering approaches are based on the computation

of the scattering cross-section of each independent particle

(de Jong et al., 1992) and some of them allow the calculation

of the acoustic radiation pressure on a coated particle (Hase-

gawa et al., 1993). Such approaches assume low strain re-

gime and the radius of the particle may only undergo

variations of the first order. Scattering approaches are likely

to be adapted to the case of liquid-filled particles treated

herein because the fluid compressibility is much lower than

that of gas, leading to lower deformation of the particle

impacted by an ultrasonic wave. Moreover, discrepancies

between measurements and predictions from single micro-

bubble theories have been continuously observed, and multi-

ple scattering phenomena have been evoked (Stride and

Saffari, 2005) to explain these differences.

In a recent study by our group, a finite-difference time

domain (FDTD) numerical simulation tool was applied to a

suspension of elastic circular particles and validated around

50 MHz by comparison with an analytical model as well as

experimentally (Galaz et al., 2010). A potential advantage of

a numerical approach is its ability to solve complex prob-

lems that may become rapidly intractable when following

purely analytical approaches. Working in the time domain is

interesting because (i) it allows a better comparison with the

experimental signals which are obtained directly in the time

domain and (ii) the ultrasonic velocities measured in the

time domain using marker (such as the first zero crossing ve-

locity) have been shown to be adapted for velocity measure-

ments in a dispersive media such as bone (Haiat et al., 2005;

Haiat et al., 2006). Another advantage of time domain nu-

merical approaches over multiple scattering theories, which

have been developed for both homogeneous (Waterman and

Truell, 1961) and coated particles (Yang and Mal, 1994;

Stride and Saffari, 2005), is that it allows simulating radio

frequency (rf) signals directly in the time domain, avoiding

reconstructions from the frequency domain (Insana et al.,
1990; Doyle, 2006). However, time domain numerical simu-

lation tools have not been applied to model ultrasound prop-

agation in UCA suspensions.

The aim of this study is to examine the problem of wave

propagation at high frequency (50 MHz) in liquid-filled

UCA suspensions using two-dimensional finite-difference

time domain (2-D FDTD) numerical simulation tools. The

main advantage of our numerical method is to deal with

large population of UCA particles, allowing to simulate mul-

tiple scattering effects which have been shown to occur in

such medium (Mobley et al., 1999; Stride and Saffari, 2005;

Chen and Zhu, 2006). We aim at estimating the physical

determinants of the ultrasonic response of a UCA solution

and the sensitivity of the ultrasonic parameters to the physi-

cal properties of the UCA suspension.

II. MATERIALS AND METHODS

A. Two-dimensional (2-D) numerical modeling

The method employed to perform the numerical simula-

tion of wave propagation is similar to the one described in

Galaz et al. (2010) and is briefly recalled in what follows.

2-D numerical simulations of ultrasonic wave propagation

through identical randomly distributed microparticles solu-

tions are performed using SIMSONIC, a FDTD simulation soft-

ware developed by the Laboratoire d’Imagerie Paramétrique

(Bossy et al., 2004; Bossy et al., 2005; Haiat et al., 2007;

Haiat et al., 2008). Briefly, it uses an algorithm based on the

spatial and temporal discretization of the two following first-

order equations describing a 2-D linear elastic wave propa-

gation (Bossy et al., 2004).
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The main assumptions of the model are (i) all absorption

phenomena are neglected, (ii) all heat transfer phenomena

are neglected, and (iii) the temperature field is assumed to be

constant and homogeneous. However, the model fully takes

into account all reflection and refraction effects as well as

mode conversions.

B. Simulation domain

The simulation domain employed herein is similar to

that used in (Galaz et al., 2010). Briefly, the ultrasonic prop-

agation is simulated in a 0.5� 1 mm rectangular domain, as

shown in Fig. 1. A linear ultrasound pressure source of 0.5

mm length located at y¼ 0 emits a broadband pressure pulse

shown in black color in Fig. 2(a), with a center frequency

equal to 50 MHz. Symmetric boundary conditions are

applied to the box sides located at x¼ 0 and 0.5 mm. In order

to avoid unphysical reflections due to the boundaries of the

simulation mesh, perfectly matched layers (Collino and

Tsogka, 2001) are positioned at y¼ 0 and 1 mm.

Two linear receivers located at y¼ 0 and 1 mm provide

both backscattered and transmitted signals through a spatial

average of the displacement over the entire transducers width

(i.e., 0.5 mm). The chosen pixel size is equal to 0.1 lm, which

is a compromise between an acceptable spatial resolution and

a reasonable computational time (see Sec. III A for details).

An iterative probabilistic procedure described in details in

Galaz et al. (2010) was used to randomly insert N identical par-

ticles in the two-dimensional blank domain. We use this proce-

dure to insert identical UCA particles composed of an inner

circular region of radius, P, surrounded by a capsule whose

thickness is denoted as T. The external radius R of all particles

is identical and equal to 3 lm, so that Pþ T¼R¼ 3 lm. The

right part of Fig. 1 shows the inserted UCA particle obtained

by this procedure, where white zones correspond to water,

black zones to PLGA capsule, and gray zones to PFOB core.

Figure 1 also shows an image corresponding to the ultrasonic

propagation in this heterogeneous medium where the gray scale

codes the amplitude of the displacement as a function of space.

FDTD simulations require as input parameters mass den-

sities and stiffness coefficients of all materials used in the sim-

ulation. The mechanical behavior of water and of POFB is

that of liquid. PLGA is considered to have an isotropic elastic

behavior. All mechanical properties of each material are sum-

marized in Table I. The densities of PFOB and PLGA have

been measured using a densimeter (model DMA 58, Anton

Paar, Austria) and are in agreement with the literature

(Andriano et al., 1999; Karau et al., 2001). The sound velocity

in PFOB and the longitudinal velocity in PLGA were meas-

ured by classical time of flight techniques. Data concerning

the Poisson’s ratio and the transverse wave velocity in PLGA

could not be found in the literature. As a first estimation, we

choose a Poisson’s ratio equal to 0.4, which is a typical value

for most polymers (Powers and Caddell, 1972) and used this

value to derive the transverse wave velocity of PLGA. These

estimated values for PLGA material properties will be

referred hereafter as “reference” material properties. Later,

these material properties will be varied to explore their influ-

ence on ultrasound properties of UCA solutions.

FIG. 2. Typical simulated rf signals. (a) The signal in water (in black) is

identical in shape to the signal generated by the emitter. In gray, the rf signal

transmitted in an ultrasound contrast agent solution. The particle concentra-

tion is C¼ 60.41 mg/ml. Each particle is surrounded by a PLGAR capsule

(see Table I). The capsule thickness tomicrosphere radius ratio T/R¼ 0.35.

The value of the corresponding velocity (respectively, attenuation coeffi-

cient at 50 MHz) is equal to 1440 m/s (respectively, 45.1 dB/cm). (b) Back-

scattered rf signal obtained with the same UCA solution. The corresponding

value of the relative backscattering intensity is equal to �18.4 dB/cm.

FIG. 1. Image illustrating the simulated propagation of ultrasonic wave in a

suspension of ultrasound contrast agents. The curved separation represents an

arbitrary split of the simulation domain. In the upper part of the figure, the

gray scale codes the amplitude of the displacement as a function of position at

a given time. In the lower part, the figure displays the random distribution of

the particles. On the right hand side, an isolated particle is shown where black

and gray pixels correspond, respectively, to elastic PLGA and liquid PFOB.
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C. Comparison between numerical approach and
experiments

In order to compare 2-D simulations with three-dimen-

sional (3-D) experiments, a 2-D concentration equivalent to

the experimental one needed to be determined. Similarly as

what was done in Galaz et al., (2010), we chose a method

based on the mean distance between a particle and its closest

neighbor since it is a meaningful parameter in two and three

dimensions. For N randomly distributed particles within an

sufficiently large 2-D domain of surface area S, the particle

concentration writes (Galaz et al., 2010)

C ¼ M
N

S

� �3=2

; (1)

where M is the mass of a particle.

D. Determination of the ultrasonic parameters

Basic signal processing techniques were applied to the

simulated rf signals to retrieve the ultrasound properties of

the 2-D domain. An example of simulated rf signal obtained

in transmission and in backscattering is shown in Figs. 2(a)

and 2(b), respectively. Three parameters extracted from the

simulations and experimental measurements were the speed

of sound, V, the attenuation coefficient, a(f), and the relative

backscattered intensity IB. Since absorption is neglected in

the simulations, the attenuation obtained in silico is only due

to the scattering phenomena and the corresponding a(f)
value, in decibels, is given by (D’Astous and Foster, 1986)

aðf Þ ¼ 10

L
log

Srefðf Þ
SSolðf Þ

� �
; (2)

where L is the path length of sound propagation (here, L¼ 1

mm). Sref(f) and Ssol(f) are, respectively, the power spectrum

densities (PSDs) of the signal transmitted in water and in the

solution, obtained using a fast Fourier transform. The appa-

rent backscattered coefficient, ABC(f), expressed in decibels,

is given by (Chaffai et al., 2000)

ABCðf Þ ¼ 10 log
Sbðf Þ
Srefðf Þ

� �
; (3)

where Sb(f) is the PSD of the backscattered signal recorded

by the transducer located at y = 0. The relative backscattered

intensity IB (which does not depend on the frequency) is then

computed by averaging the ABC(f), over the frequency

bandwidth of interest (35–62 MHz).

III. RESULTS AND DISCUSSION

A. Analytical validation

In order to validate our numerical approach in the

framework of UCA suspensions, simulations in a 2-D do-

main containing a single microparticle (described in Sec. II

B) made of a PLGA shell surrounding liquid PFOB have

been carried out. The inner circular region of this single par-

ticle has a radius P¼ 1.95 lm and its shell thickness is equal

to 1.05 lm (T/R¼ 0.35). This kind of system (disk-shaped

shell model) has been analytically solved (Goodman and

Stern, 1962; Doolittle and Uberall, 1966; Ugincius and Uber-

all, 1968; Hasegawa et al., 1993) for any angle of observa-

tion and of incidence when an isolated coated particle is

considered. The reader is referred to these publications for

further details on the analytical model. Figure 3 shows the

comparison between the angular scattering cross-section (at

180� and 90�) obtained (i) with the analytical model applied

to a lossless isotropic elastic cylinder immersed in water and

(ii) by computing the amplitude ratio of the FDTD

TABLE I. Density, stiffness coefficients and corresponding wave longitudinal and transverse propagation

velocities (VL and VT) of the different materials of interest. For PLGA, the first line corresponds to the reference

properties (see text for details).

Material properties Sound velocity

q (g/ml) C11 (GPa) C55 (GPa) VL (m/s) VT (m/s)

Water 1 2.25 — 1500 —

PFOB 1.935 1.0884 — 750 —

PLGAR (reference) 1.35 4 0.664 1721 701

PLGAL (10% change in VL,PLGA) 1.35 4.84 0.664 1893 701

PLGAT (10% change in VT,PLGA) 1.35 4 0.806 1721 773

FIG. 3. Scattering cross-section obtained with the shell model (dashed

lines) and the numerical simulation (solid lines) at angles of 180� (thick

lines) and 90� (thin lines) from the incident beam.

J. Acoust. Soc. Am., Vol. 129, No. 3, March 2011 Haı̈at et al.: Simulated propagation in contrast agents 1645

Downloaded 28 Apr 2011 to 130.132.117.38. Redistribution subject to ASA license or copyright; see http://asadl.org/journals/doc/ASALIB-home/info/terms.jsp



numerically simulated spectra of the scattered signal to the

incident signal. A fair agreement is obtained between both

approaches. We verified that the total surface of the particle

is conserved by the numerical model as it is equal to

28.27� 10�12 m2 for the analytical model (real disk) and to

28.21� 10�12 m2 for the numerical approach (meshed disk).

Therefore, the slight discrepancy between the analytical and

numerical results, which is always lower than 15%, is not

likely to come from a difference in particle size and could be

rather due to the (constant) spatial discretization (0.1 lm)

used in the simulation code, as shown in Fig. 1. We have

checked (data not shown) that increasing the discretization

step in the numerical model leads to an increase in the dis-

crepancy between the analytical and numerical model. How-

ever, decreasing the mesh size below 100 nm could lead to

possible problems since we are tackling the limit of contin-

uum mechanics. Moreover, decreasing the spatial discretiza-

tion would lead to significantly higher computation time.

The spatial discretization equal to 100 nm corresponds to a

compromise between continuum mechanics regime, compu-

tation time, and reasonable accuracy of the computations.

The total scattering cross-section csca can be obtained

for one particle using the shell scattering model (which does

not assume that the situation is in the Rayleigh domain) by

integrating the angular scattering cross-section around the

particle. Figure 4 shows the variation of csca as a function of

frequency between 0 and 100 MHz. The results shown in

Fig. 4 indicate (data not shown) that the total scattering

cross-section varies approximately as f3.4 in the bandwidth

of interest. The frequency dependence of the scattering

cross-section is different from that of Rayleigh scattering (f4

would be obtained) because the ratio of the wavelength and

of the diameter is approximately equal to 5, which is not in

the scope of the Rayleigh approximation. Moreover, a reso-

nance phenomenon is shown to occur around 77 MHz, which

is out of the frequency bandwidth of interest.

Since the simulation code predicts reasonably well the

ultrasonic properties of a single particle, our investigation was

extended (i) to study the influence of the membrane properties

(material properties and membrane thickness) on the total

scattering cross-section using the analytical model and (ii) to

the case of a distribution of similar particles. For this case, to

the best of our knowledge, there is no analytical model avail-

able in the time domain.

B. Scattering response of an isolated particle

In order to better understand the results with a population

of particle, we have conducted simulations where the scatter-

ing cross-section of a single particle is studied as a function of

the shell properties (elastic constants, mass density, and mem-

brane thickness), which allows to interpret the variation in the

scattering properties of a population of particles. Figure 5

shows the variation of the total scattering cross-section as a

function of frequency of different values of T/R equal to 0.15,

0.35, and 0.55. As shown in Fig. 5, increasing the value of

T/R leads to an increase of the scattering cross-section in the

frequency bandwidth of interest as well as to an increase of

the values of the resonance frequency. In the case of T/R
¼ 0.55, additional resonance frequencies can also be noted.

Figure 6 shows the variation of the total scattering

cross-section as a function of frequency for different values

of the shell material properties indicated in Table I. The solid

gray (respectively, gray) line corresponds to the reference

FIG. 4. Variation of the total scattering cross-section csca as a function of

frequency between 0 and 100 MHz predicted by the shell scattering model.

A resonance is obtained around 77 MHz.

FIG. 5. Total scattering cross-section predicted by the shell model for different

values of membrane thicknesses. The results are given in logarithmic scale.

FIG. 6. Total scattering cross-section predicted by the shell model for dif-

ferent values of material properties. The results are given in logarithmic

scale. The solid gray line corresponds to the reference material properties

given in Table I. The solid black line corresponds to the material properties

denoted the PLGAL in Table I. The dashed black line corresponds to the ma-

terial properties denoted the PLGAT in Table I. The dashed gray line corre-

sponds to the material reference material properties indicated in Table 1

with a value of PLGA mass density equal to 1.215 g/ml.
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material properties given in Table I (respectively, the mate-

rial properties denoted PLGAL in Table I). The dashed black

line corresponds to the material properties denoted as

PLGAT in Table I. The dashed gray line corresponds to the

material reference material properties indicated in Table I

with a value of PLGA mass density equal to 1.215 g/ml. The

results shown in Fig. 6 indicate that the total scattering

cross-section weakly depends on the variations of C55 and of

mass density of the membrane within the frequency band-

width of interest. However, an increase of C11 in PLGA

induces a decrease of the total scattering cross-section in the

bandwidth of interest. The value of the resonance frequency

(around 77 MHz for the reference material properties)

depends on the values of C55 in PLGA and (to a lesser

extent) of mass density. However, C11 weakly affects the

value of the resonance frequency. Variations of the mem-

brane material properties indicated in Table I have a weaker

effect compared to that of variations of T/R between 0.15

and 0.55. Therefore, the values of T/R seem to be a parame-

ter of importance relatively to the ultrasonic response of the

particle.

C. Ultrasound contrast agent solutions

The ultrasonic properties (ultrasonic velocity, attenua-

tion, and relative backscattered intensity) of a given solution

constructed using the procedure described in Sec. II B

depend on the realization of the random distribution of UCA

particles and the ultrasonic parameters may differ for two

solutions constructed using the same parameters. For each

set of parameters (concentration, particle geometry, density,

and longitudinal and transverse speeds of sound of the mem-

brane) considered in what follows, 15 different solutions cor-

responding to 15 cases with a different random placement of

particles were considered and the ultrasonic parameters were

averaged over the 15 solutions. This value (15) corresponds

to a compromise between reasonable computation time and

an acceptable convergence of the ultrasonic parameters. An

increase in the number of simulated solutions from 15 to 25

induces a relative change of the averaged attenuation coeffi-

cient equal to 4%, of the averaged IB of 2% and no change of

the averaged velocity. These values are significantly lower

than the standard deviation of the results, which corresponds

to the variation due to the random spatial distribution of the

particles in the simulation domain.

Figure 2(a) shows simulated signals transmitted through

water and through the solution of UCA particles both

recorded at y¼ 1 mm. The corresponding backscattered sig-

nal recorded at y¼ 0 mm is shown in Fig. 2(b).

Figure 7(a) shows the variation of the attenuation coeffi-

cient between 35 and 62 MHz, averaged for 15 different so-

lution constructed using the same parameters (T/R¼ 0.35,

C¼ 60.41 mg/ml). A concentration equal to 60.41 mg/ml

has been chosen because this value corresponds to the high-

est concentration used in the experimental work of Pisani et
al. (2008). The two dashed lines represent the sum and the

subtraction of the mean and of the standard deviation values

of the attenuation coefficient. A plot in logarithmic coordi-

nates of the averaged attenuation coefficient indicates (data

not shown) that the attenuation coefficient varies approxi-

mately proportionally to f3.2 in the bandwidth of interest. If

independent scattering is assumed in the solution, the attenu-

ation coefficient is proportional to the total scattering cross-

section csca obtained for one particle (Biwa et al., 2003).

Assuming independent scattering and using the shell scatter-

ing model described in Sec. III A lead to a frequency de-

pendent attenuation coefficient obtained analytically varying

as f3.4, which is in the same order of magnitude than the fre-

quency dependence of the attenuation coefficient obtained

numerically. The difference between the two results may

come from the influence of multiple scattering phenomena.

The corresponding variation of the ABC(f) is repre-

sented with a solid line in Fig. 7(b). Again, the two dashed

lines indicate the sum and the subtraction of the mean and of

the standard deviation values of ABC(f). The ABC is shown

to weakly depend on frequency, which may be explained by

analyzing the angular scattering cross-section at 180�

obtained analytically for one particle (thick lines of Fig. 3),

which also exhibits a weak frequency dependence.

1. Effect of concentration

When dealing with UCA, it is important to know the

concentration of particles that should be injected to produce

the optimum effect. For this reason, we have investigated the

effect of concentration on the speed of sound, attenuation,

and backscattered intensity. Eight concentrations, ranging

FIG. 7. (a) Mean attenuation coeffi-

cient and (b) apparent backscattering

cross-section obtained when averag-

ing the results obtained with 15 solu-

tions with C¼ 60.41 mg/ml and T/
R¼ 0.35. The two dashed lines in

(a) and (b) represent the sum and the

subtraction of the mean and of the

standard deviation of each quantity.
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from 1.37 to 79.4 mg/ml, were used herein and are listed in

Table II with the corresponding values of N obtained from

Eq. (1). This range of concentration corresponds to the con-

centration range that has been experimentally investigated

by Pisani et al. (2008) for their ultrasound contrast agent.

Since our simulations aim at investigating their results with

the use of simulation, we obviously used the same concentra-

tion range as the authors. Note that the initial concentration

of SonoVue (a commercially available ultrasound contrast

agent, UCA) is about 1–5� 108 microbubbles/ml (Schnei-

der, 1999). After intra-venous injection, the SonoVue con-

centration decreases rapidly and SonoVue microbubbles

have mostly disappeared after 11 min. The above 79.4 mg/

ml correspond to a concentration of 5�108 nanoparticles/ml,

which is the initial concentration of a regular preparation of

commercial UCA. All the smaller concentrations investi-

gated in this study reflect a progressive dilution of the prepa-

ration after injection.

Figure 8(a) shows that the attenuation coefficient at 50

MHz increases with the UCA concentration. Moreover, as

shown in Fig. 8(b), the relative backscattered intensity IB

also increases with the concentration and the saturation can

be observed for high concentration values, which may be

due to the multiple scattering phenomena. The simulated

data of Fig. 8(b) are compared with the corresponding exper-

imental results (indicated by triangles) published previously

by our group (Pisani et al., 2008). In the experiments, the rel-

ative backscattered intensity is normalized by the electronic

noise level, which is not possible in the simulations where

no noise is present. Therefore, a modified backscattered in-

tensity was defined in the simulation. We added 32 dB to the

simulated relative backscattered intensity, so that the extrap-

olated value at zero concentration in microparticles falls

down to zero. Therefore, the results shown in Fig. 8(b) only

compare the variation of backscattered energy versus the

concentration of particles and not its absolute value. Note

that the different methods (O’Donnel and Miller, 1981;

Roberjot et al., 1996; Chaffai et al., 2000) have been devised

in order to correct backscatter measurements from the

influence of attenuation. However, these methods were

not implemented in this work, as our goal was not to retrieve

the real backscatter coefficient of the solution but to assess

ultrasonic parameter which can be easily measured

experimentally.

The results shown in Figs. 8(a) and 8(b) may be ana-

lyzed in order to determine the concentration above which

multiple scattering plays a role. When independent scattering

is assumed, the attenuation coefficient and the ABC are pro-

portional to the concentration (Biwa et al., 2003), which is

not necessarily the case when multiple scattering occurs.

Therefore, an empirical way to determine an order of magni-

tude of the concentration above which multiple scattering

plays a role consists in assessing the concentration above

which the attenuation and the ABC starts varying non-line-

arly. An analysis of Figs. 8(a) and 8(b) shows that multiple

scattering is likely to occur above approximately 7 mg/ml.

Moreover, above around 7 mg/ml, the wavelength in water

(30 lm at 50 MHz) is of the same order of magnitude or

lower than the mean inter particle distance (see Table II).

This situation indicates that multiple scattering is likely to be

significant, viscous absorption being neglected. However,

the determination of such concentration remains empirical as

FIG. 8. (a) Mean attenuation coefficient at 50 MHz, (b) modified backscat-

tered intensity IB, and (c) speed of sound and as a function of UCA concen-

tration for a ratio T/R¼ 0.35. The black solid lines correspond to numerical

results. The two dashed lines in (a) and (b) represent the sum and the sub-

traction of the mean and of the standard deviation of each quantity. The gray

line in (c) indicates the results obtained with a shell effective medium

model. The triangles in (b) correspond to the corresponding experimental

results published in Pisani et al. (2008).

TABLE II. Number N of particles accounted for in the simulation domain,

of the corresponding ultrasound contrast agent concentration, of the particle

volume fraction and of the mean inter-particule distance (D2).

N 80 150 250 400 600 800 1000 1200

C (mg/ml) 1.37 3.51 7.55 15.28 28.07 43.22 60.41 79.4

Particle volume

fraction (%)

1.1 2.1 3.5 5.6 8.5 11.3 14.1 16.9

D2 (lm) 79 57.7 44.7 35.4 28.9 25 22.4 20.4
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it may be difficult to estimate such value accurately (Haiat

and Naili, 2011).

The black line in Fig. 8(c) shows that the sound velocity

decreases as the concentration of UCA disks increases. The

standard deviation for V values is always lower than 1.3 m/s

(data not shown). The gray line shows the results obtained

for the variation of the sound velocity as a function of the

concentration using the shell effective medium model used

in Sec. III A. The numerical results are in qualitative agree-

ment with the analytical results.

To conclude, our simulations show that UCA are the

most efficient (i.e., exhibit the largest Ib value) for concen-

tration higher than 30 mg/ml, in good agreement with exper-

imental data (Pisani et al., 2008). Note that the small gain

obtained using much higher concentration may not be wor-

thy as large concentration of UCA may induce side effects in

the organism.

2. Influence of capsule thickness

Most commercial UCA possess a very thin capsule

thickness. This feature has been used in most theoretical

models as it provides a useful approximation that greatly

simplifies analytical approaches. The use of thick polymeric

capsule becomes popular (Bjerknes et al., 1997; Chen et al.,
2003; Pisani et al., 2006) as it reduces the diffusion of the

encapsulated perfluorocarbon fluid and increases the UCA

stability. That is why we have investigated the influence of

capsule thickness to the ultrasound properties of an UCA so-

lution. Five different T/R values were simulated for an iden-

tical number of particles (N¼ 1000 and D2¼ 22.4 lm,

which represents a distance seven times greater than the ra-

dius) and using the PLGA reference material properties. The

values of T/R (ratio of the membrane thickness over the par-

ticle radius) were chosen to approximately correspond to

typical values which are likely to be achieved experimen-

tally, that is T/R¼ 0.15, 0.25, 0.35, 0.45, and 0.55. The cor-

responding values of the membrane thickness and of the

concentration are shown in Table III.

Figure 9(a) shows that an increase in capsule thickness

induces an important decrease in the attenuation coefficient

at 50 MHz especially for low values of T/R. These results

are consistent with previous results showing that the

response of UCA solution is strongly influenced by the shell

properties (Deng et al., 1998; Postema and Schmitz, 2007).

The behavior of IB as a function of T/R is more complex

as shown in Fig. 9(b). For T/R< 0.35, IB decreases as T/R
increases and reaches a minimum value for T/R¼ 0.35. For

low T/R values (thin membrane), the decrease in IB is con-

sistent with the decrease in attenuation obtained in the last

paragraph. The strong attenuation obtained for low T/R values

implies that only the region located nearby the emitter con-

tributes to the backscattered signal. However, for T/R> 0.35,

the size of the region contributing to the backscattered signal

increases due to a decrease in attenuation, which may explain

the observed increase in IB. In summary, two competing phe-

nomena contribute to IB: the increase in the size of the insoni-

fied region and the decreasing attenuation.

As shown by the black line in Fig. 9(c), an increase in

sound velocity is observed when T/R increases, which is con-

sistent with the result obtained with the shell effective me-

dium model (Goodman and Stern, 1962; Doolittle and

Uberall, 1966; Ugincius and Uberall, 1968; Hasegawa et al.,
1993) represented with a gray line in Fig. 9(c).

TABLE III. Values of the membrane thickness and of the concentration as

a function of the T/R values. Here, R¼ 3 lm, the number of particle N is

equal to 1000 and D2¼ 25 lm.

T/R 0.15 0.25 0.35 0.45 0.55

Membrane thickness (lm) 0.45 0.75 1.05 1.35 1.65

C (mg/ml) 68.35 63.85 60.41 57.87 56.11

FIG. 9. (a) Mean attenuation coefficient at 50 MHz, (b) relative backscat-

tered intensity IB, and (c) speed of sound and as a function T/R for UCA

concentration C¼ 60.4 mg/ml. The black solid lines correspond to numeri-

cal results. The two dashed lines in (a) and (b) represent the sum and the

subtraction of the mean and of the standard deviation of each quantity. The

gray line in (c) indicates the results obtained with the shell effective medium

model.

J. Acoust. Soc. Am., Vol. 129, No. 3, March 2011 Haı̈at et al.: Simulated propagation in contrast agents 1649

Downloaded 28 Apr 2011 to 130.132.117.38. Redistribution subject to ASA license or copyright; see http://asadl.org/journals/doc/ASALIB-home/info/terms.jsp



3. Effect of polymer properties

It has been shown that PLGA microspheres exhibit dif-

ferent mechanical properties depending on the ratio of lactic

to glycolic acid used to produce the PLGA copolymer (Eliaz

and Kost, 2000; Chung et al., 2006). Since PLGA micropar-

ticles used in drug delivery or in UCA are usually made of

an equal quantity of lactic and glycolic acids (i.e., 50/50

PLGA), we used their properties as a reference. To investi-

gate possible effects of a change in the lactic to glycolic acid

ratio and consequently of the capsule properties, we per-

formed simulations for different PLGA properties at the

same concentration (C¼ 60.41 mg/ml) and for an identical

ratio (T/R¼ 0.35), as displayed in Table I. The first one cor-

responds to the reference material properties (of 50/50

PLGA) that were used for all our previous simulations. The

second (respectively, third) one corresponds to the same

transverse (respectively, longitudinal) wave velocity but

with different longitudinal (transverse) wave velocity

VL,PLGA (VT,PLGA) increased of an amount of 10% as com-

pared to the reference case (see Table IV). Both changes in

VL,PLGA and VT,PLGA may be achieved by varying the ratio of

lactic to glycolic acid.

The simulations show that the UCA efficiency is weakly

influenced by changes in transverse velocity of the mem-

brane (VT,PLGA) since the value of IB is nearly insensitive to

the increase of 10% of the transverse sound speed in the

polymer (see Table IV). However, the backscattering

response increases significantly from �18.4 to �15.1 dB

when the longitudinal velocity increases of 10%. The speed

of sound in solution increases by 10 m/s when the longitudi-

nal velocity increases by 10% and by 2 m/s for the same

increase in the transverse velocity. As shown in Table IV,

the attenuation coefficient at 50 MHz depends on changes in

both VT,PLGA and VL,PLGA, although this dependence is stron-

ger when VL,PLGA varies. These results are in agreement with

the results obtained in Sec. III B 2, showing that the capsule

properties have an important impact on the ultrasonic attenu-

ation. The dependence of attenuation and of the velocity on

changes of VT,PLGA shows that the contribution of polymer

properties to ultrasound parameters is not straightforward

and suggest that mode conversions and transverse wave

propagation in PLGA may play a significant role.

D. Limitation of the study

Ultrasonic attenuation results from a combination of

scattering and absorption phenomena. Absorption effects are

not taken into account although viscous and viscoelastic

effects (Hoff et al., 2000; Sarkar et al., 2005) have been

shown to play a role in the ultrasonic propagation in UCA

suspensions. The complete characterization of absorption

requires the knowledge of a large number of thermo-physical

parameters that are in practice hard to quantify. Only the

part of attenuation that depends on scattering phenomena,

particle concentration and structural properties, ultrasound

wave frequency, and impedance mismatch between water

and particles is considered here. The difference between the

present study and Galaz et al. (2010) mainly lies in the ge-

ometry of the particles, which are now filled with liquid

whereas they were homogeneous elastic solid in the previous

study. Previously, we were able to obtain a reasonable agree-

ment between numerical and experimental results without

introducing any absorption phenomena. This agreement jus-

tifies the use of the same approximation in the present manu-

script as introducing liquid in the particle adds an interface

and could thus induce an increase of scattering phenomena

relatively to absorption phenomena. However, neglecting

absorption is a simplistic approximation and viscous absorp-

tion should be included in the future. The attenuation coeffi-

cient at 50 MHz in water is equal to 5.4 dB/cm (Krautkramer

and Krautkramer, 1990), which corresponds approximately

to the attenuation value predicted by our model for the low-

est concentration tested herein (C0¼ 1.37 mg/ml). For con-

centration lower than C0, viscous absorption in the

surrounding fluid should therefore be a dominating phenom-

enon, whereas for concentration higher than C0, viscous

absorption in the surrounding fluid is expected to play a

minor role in the propagation compared to that of scattering

phenomena.

The SIMSONIC code does not take into account any non-

linear ultrasonic behavior, such as harmonic generation or

radiation pressure (Sun et al., 2005; Ketterling et al., 2007),

which cannot be modeled. This limitation is important

because in the context of ultrasound contrast agents, non-lin-

ear effects are known to play an important role. However,

while non-linear effects have been widely investigated for

air-filled particles, it remains poorly understood for liquid-

filled particles such as these investigated herein.

The present results can not be used in order to study the

polymer shell agents produced by for instance Point Bio-

medical, Acusphere, or Bracco because these are air-filled

particles and are therefore likely to behave in a different

manner. This paper deals exclusively with liquid-filled

agents developed by our group. Such particles behave quite

differently than gas filled agents, which are more acousti-

cally active than liquid-filled agents. For now, the FDTD

model used herein is currently not able to model the inter-

face between a solid and a gas.

We choose to consider monodisperse suspensions in

order to study the effect of concentration independently of

the diameter distribution, which corresponds to a first step in

the study of such suspensions.

In the present study, the case of randomly spatially dis-

tributed particles is studied, which could also be tackled by

analytical models in the frequency domain. However, the

advantage of our approach is that it is suitable to model the

acoustical response of non-uniformly distributed contrast

TABLE IV. UCA solution ultrasonic properties at C¼ 60.41 mg/ml for dif-

ferent properties of PLGA capsule (see Table I).

Type of PLGA capsule PLGAR PLGAL PLGAT

Sound velocity in UCA

solution (m/s)

1440 6 0.1 1450 6 0.1 1442 6 0.1

Attenuation coefficient at

50 MHz (dB/cm)

47.1 6 3.1 38.5 6 2.9 45.6 6 4.5

Relative backscattering

intensity (dB)

�18.4 6 0.8 �15.1 6 1.1 �18.5 6 0.9
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agents in a medium, like in the case of particles targeted on a

specific tissue, attached to a vessel wall, whereas some other

particles are randomly distributed in the rest of the lumen.

In this paper, we use a 2-D model although 3-D models

would be more accurate to model the propagation in UCA

suspensions, which is possible using the SIMSONIC Software

(Bossy et al., 2005; Haiat et al., 2007). The propagation in a

2-D medium of disks is different than in a 3-D medium of

spheres, which might explain possible discrepancies experi-

ments and simulations. First, 3-D simulations will lead to a

more realistic situation in terms of particle spatial distribu-

tion and volume fraction as the model described in Sec. II C

would not be needed. In particular, in 3-D, a linear relation-

ship will be obtained between the concentration and volume

fraction, which is not the case herein. Second, the scattering

cross-section of a cylinder and of a sphere is different, which

may also significantly modify the results. 3-D simulations

should be carried out in the future in order to give further

insight on such differences. The present 2-D approach is a

first step in studying these phenomena and further studies are

required to tackle the difficult 3-D problem, which would

require significantly longer time of computation and memory

in the framework of UCA.

Despite the limitations stated above, our FDTD numeri-

cal simulation tool proves to be a promising approach to bet-

ter understand the physical determinants that influences

ultrasound propagation in UCA suspensions. It should help

UCA manufacturers to design more efficient particles by

relating the physical properties of the UCA solution with the

expected ultrasound response. The next logical step will be

to turn toward 3-D simulations.
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