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Abstract—Submicron particles filled with liquid perfluorocarbon are currently being studied as a potential
ultrasound-targeted contrast agent. The objective of this study was to evaluate the scattering properties of these
particles. Sets of perfluorohexane-filled particles of different average sizes (300 nm to 1000 nm) were produced
with a constant total volume fraction. The attenuation coefficient was measured in the 15- to 50-MHz frequency
range and was found to increase smoothly with frequency and to be independent of the amplitude and bandwidth
of the transmitted pulse. The values range from 0.31 to 0.64 dB/mm at 30 MHz for mean particle size ranging
from 970 to 310 nm, respectively. The backscattering spectra of the particle solutions were measured and showed
no sign of nonlinear scattering. The backscattering coefficient increased with the power 3.9 � 0.3 of the
frequency. These results confirm that liquid perfluorocarbon droplets behave as linear Rayleigh scatterers.
(E-mail: olicou@swri.ca) © 2006 World Federation for Ultrasound in Medicine & Biology.
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INTRODUCTION

High-frequency ultrasound (US), also known as US
biomicroscopy (Foster et al. 2000b) is an established tool
for in vivo imaging of human beings and small animals
(Foster et al. 2002). The use of higher frequencies pro-
vides near-microscopic resolution for studies of devel-
opment (Foster et al. 2003), atherosclerosis, tumor
growth or angiogenesis (Foster et al. 2000a) and drug
effects (Goertz et al. 2002). Because these biologic pro-
cesses are tied to the molecular microenvironment of the
cells, it would be of interest for high-frequency US to go
beyond anatomical imaging by allowing the imaging of
proteins related to cellular function or dysfunction.

Imaging these proteins is the domain of molecular
imaging, where image contrast is determined by the
presence of molecular biomarkers, rather than bulk prop-
erties of tissue (Weissleder and Mahmood 2001). In the
field of high-frequency US, it can be made possible with
the use of contrast agents that are attached to specific
antibodies or ligands that bind specific receptors on the
target cells (Demos et al. 1997; Lanza et al. 1996). These
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targeted agents have already been used with success in
animal models at conventional frequencies (Dayton and
Ferrara 2002; Lindner 2002; Villanueva et al. 2004) to
highlight the presence of certain molecules related to
diseases such as tumor-induced angiogenesis (Ellegala et
al. 2003), inflammation (Lindner 2001) atherosclerosis
(Villanueva et al. 2002) and thrombi (Schumann et al.
2002).

Of principal importance for targeted imaging is the
high echogenicity of US contrast agents at small doses.
Contrast agent echogenicity has been optimized at con-
ventional frequencies and extensively discussed in the
literature (de Jong et al. 2002, 2000; Dijkmans et al.
2004; Jakobsen 2001; Lindner 2002). However, little
work has been done at frequencies higher than 15 MHz.
For such an application, two main types of US contrast
agents have been described, microbubbles and submi-
cron particles.

Microbubbles are gas encapsulated by lipids, albu-
min, polymer or surfactants. The contrast caused by
microbubbles resides in their inherent acoustic imped-
ance mismatch, their resonant and highly nonlinear be-
havior and transient behaviors, such as bubble disruption
(Correas et al. 2001; de Jong et al. 2002). Their charac-

teristics have been partially studied at high frequency by
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Morgan et al. (1996). Microbubbles have been used in
conjunction with US biomicroscopy by Goertz and col-
leagues for blood flow measurements (Goertz et al.
2005a, 2005b) and by Deng et al. (1998).

In contrast to microbubbles, submicron particles are
filled with liquid perfluorocarbon encapsulated by a lipid
shell (Lanza et al. 1996) or fluorosurfactant shell (Cou-
ture et al. 2004). Submicron particles have been demon-
strated to be useful for targeted imaging at high frequen-
cies (Lanza et al. 1997). Because these particles are
reported to be poorly echogenic in the blood (Hughes et
al. 2005) but highly echogenic when bound to a target, it
may be possible to obtain a high contrast between spe-
cific and nonspecific agents. This difference in behavior
between bound and unbound particles has been tenta-
tively explained using a transmission line model where
the particles were considered to form a layer of perfluo-
rocarbon that acted as a specular reflector (Hall et al.
2000; Lanza et al. 1998; Marsh et al. 2002a, 2002b).
However, it has been reported that this transmission line
model underestimates the US reflection enhancement of
submicron particles attached to a nitrocellulose mem-
brane (Marsh et al. 2002a). This is potentially because of
the fact that the particulate nature of the contrast agent is
not taken into account. Also, the potential nonlinear
behavior, which may arise from a transient vaporization
of the liquid perfluorocarbon, are not described or used in
this model. To develop a more comprehensive model, the
knowledge of the acoustic properties of the particles is
critical and requires a thorough investigation.

This paper describes a method to estimate the phys-
ical and acoustic properties of submicron perfluorocar-
bon particles in solution. First, the production of nano-
particles and the dependence of size with respect to the
surfactant concentration are described. The acoustic
properties include the attenuation and backscattering co-
efficients of solutions of various sizes of particles at
frequencies between 20 and 50 MHz. In particular, po-
tential nonlinear properties of the contrast agent are
investigated.

MATERIALS AND METHODS

Particle preparation
The particles were made as simple droplets of per-

fluorocarbon suspended in water, without consideration
for biocompatibility or targeting. Submicron droplets of
perfluorocarbon were prepared by combining water, 5%
v/v C6F14 (FC72, 3M, St-Paul, MN, USA; boiling point
� 56 °C) and 0.07% to 0.8% v/v fluorinated surfactant
(Zonyl FSO, Dupont Canada, Mississauga, ON, Canada).
A coarse emulsion was obtained by mixing the solution
for 1 min with a Vortex mixer. The coarse emulsion was

then emulsified continuously in a Microfluidizer (M-
110EHI, Microfluidics, Newton, MA, USA) for 3 min at
a pressure of 100 MPa. To remove surfactant-stabilized
gas bubbles, the solution was centrifuged at 900 g for 1 h
and the supernatant was removed. Experiments on the
remaining solutions were performed in the 48 h after
preparation to reduce the effect of size evolution (Os-
wald ripening). The size of the particles was varied by
limiting the surfactant concentration (Vleeschauwer and
Meeren 1998).

Particle sizing
The sizes in this study were obtained by dynamic

light scattering on a Nanosizer-S (Malvern, Malvern,
UK). Measurements were repeated 5 times for each
particle population. Because the size distributions ob-
tained with this apparatus (Fig. 1) are weighted by the
intensity of the light scattered by the particles, the con-
tribution of bigger particles was overestimated (Hallett et
al. 1991). Therefore, in this study, the number distribu-
tion was used for a relative comparison of the different
populations of submicron particles and not as an absolute
measurement of the particle size. It is important to note
that, because the total volume fraction of the particles is
assumed to be conserved; the number of particles in-
creases as the particles get smaller.

The average size is obtained from the number dis-
tribution using the Sauter mean diameter:

D �
� Ni�i

3

� Ni�i
2 , (1)

where Ni is the number of particles of a specific diameter
�i. The Sauter diameter represents the diameter of a
droplet having the same volume:surface ratio as the

Fig. 1. Intensity-weighted size distribution of four of the par-

ticle solutions used in this study.
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complete emulsion. When the size of the particle is
solely limited by the volume fraction (cV) and interfacial
surface (S), the Sauter D average size is given by (Vlee-
schauwer et al. 1998):

D �
6 · cv

S
. (2)

Assessment of nonlinearity
Assessment of the nonlinearity of particle scattering

was based on previous approaches used to investigate
microbubble and nanoparticle US contrast agents. Mi-
crobubbles have highly nonlinear resonant scattering
properties (Burns 1996; de Jong et al. 2002, 1991) and
have been used as a standard. Backscattering spectra of
microbubbles show high harmonics, subharmonics
(Forsberg et al. 2000) and ultraharmonics that cannot be
explained by nonlinear beam propagation. Moreover, the
attenuation spectra of microbubbles may peak near the
size-dependent resonant frequency of the bubbles (Chen
et al. 2002). The attenuation is also amplitude-dependent,
unlike linear media. Finally, the attenuation spectrum of
microbubbles is also dependent on the length of the pulse
sent or, conversely, the bandwidth of the pulses. This
study examined the presence of any of these effects for
the submicron liquid particles.

Attenuation in solution
A 20-MHz polyvinylidene difluoride (PVDF) trans-

ducer (12-mm focal length, 10-mm aperture) was aligned
and focused on a quartz reflector inserted in a flow cell
(Fig. 2). A diluted solution of particles (0.25% v/v PFH),
chosen to reduce the effect of potential multiple scatter-
ing, was circulated through the flow cell by gravity. A
series of pulses of different frequency, bandwidth (BW)
and amplitude were emitted by an arbitrary waveform
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Fig. 2. Setup for attenuation and backscattering experiments.
For attenuation experiments, a 20-MHz center frequency trans-
ducer (12 mm focal length, f 1.2) is focused on the quartz
reflector and, for backscattering, a 50-MHz center frequency
transducer (7.5 mm focal length, f 2.5) is focused 2 mm inside
the flow cell.
generator (AWG2020, Tektronix, Beaverton, OR, USA)
and amplified by a power amplifier (M3206, AMT, Ana-
heim, CA, USA). Echoes reflected from the quartz were
collected, bandpass filtered from 10 to 70 MHz, ampli-
fied by a 40-dB preamplifier (AU-1313, Miteq, Haup-
pauge, NY, USA) and digitized by an analog to digital
board (DP240, Acqiris, Geneva, Switzerland).

The US attenuation of the solutions relative to water
was then calculated from (D’Astous and Foster 1986):

��f� �
�20

2L
log10

�AS�f��
�AW�f��

dB mm�1, (3)

where AS( f ) and AW( f ) are the magnitude spectrum of
the reflected signal from the quartz respectively, in the
presence and the absence of a sample of thickness L of
nanoparticle solution in the propagation path of the US
pulse. AW( f ) and AS( f ) were calculated using Matlab
(v6.5, Mathworks, Natick, MA, USA). These attenuation
measurements were performed using both a set of nar-
rowband pulses (�6-dB, BW 3 MHz) and a broadband
pulse (�6-dB, BW 15 MHz). The relative attenuation
was calculated in the bandwidth of each pulse using eqn
(3), and corrected for the attenuation in water (2.2 �
10�4 dB/mm/MHz2) (Vogt et al. 2004), to estimate the
absolute attenuation in the nanoparticle solution.

Backscattering
The backscattering coefficient was determined from

a pulse-echo experiment. This measurement and the re-
quired corrections for transducer response, diffraction,
frequency-dependent attenuation and frequency-depen-
dent insonification volume were previously described,
among others, by Hall et al. (1997); Madsen et al. (1984)
and Roberjot et al. (1996). A simpler depth-independent
version of the method was used to determine the back-
scattering coefficient in the focal region:

�BSC � ��Sm�f, F��
�Sp�f, F���� 1

0.632��
Rp

2k2a2

8�d	1 � 	ka2

4F
2
�
	�4��f�d · e4��f���

d
2�

1 � e4��f�d �, (4)

where �Sm(f,F)� is the apparent backscattered power,
�Sp(f,F)� is the power spectrum of the signal from a
reference reflector, Rp is the amplitude reflection coeffi-
cient of the reflector, k is the wavenumber, a is the
transducer radius, F is the focal length, �( f ) is the
frequency-dependent attenuation in the solution, d is the
length of the gating window (Hamming window in our
case) and z is the attenuated path inside the medium.

The first term of eqn (4) is the backscattered power

corrected for transducer response. The second term com-
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pensates for the loss in energy caused by the gating by a
Hamming window. The third term is the correction for
the frequency-dependence of the volume of insonifica-
tion. Finally, the fourth term is the attenuation-correction
term.

The apparent backscattered power �Sm(f,F)� was
measured with a 50-MHz lithium-niobate transducer
(7.5-mm focal length, 3-mm aperture) focused 2 mm
inside the flow cell (Fig. 2). The set of pulses used for the
attenuation measurements was transmitted in the nano-
particle solution and the signal backscattered from the
focal region was collected. Backscattered signals were
windowed (1 
s mm long Hamming window), Fourier-
transformed and the electronic noise was subtracted. In
addition to the 16 populations of submicron particles, the
experiment was performed on a solution of silica parti-
cles (4-
m mean diameter), which was used as a refer-
ence linear scatterer (Verbeek et al. 1999). �Sp(f,F)� was
measured using the reflection of the pulses on a quartz
flat positioned in the focal plane of the transducer.

RESULTS

Production of particles
Liquid perfluorocarbon droplets ranging from 300

to 1000 nm were obtained using high-pressure emulsifi-
cation. As shown in Fig. 1, the intensity-weighted size
distribution of the particles is log-normal for smaller
particles. The full width-half maximum of the distribu-
tion of particles 500 nm in diameter was about 275 nm.
For a bigger population of particles, the size distribution
was skewed. At lower concentrations of surfactant
(� 0.07 %), particles with multiple peaks were obtained.

Note that the particle size will also affect their
number because the total volume fraction of particles is
kept constant. Smaller particles will be in greater num-
ber, which will affect the scattering and the attenuation
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Fig. 3. Average diameter (Sauter diameter D32) of 16 populations
of submicron particles obtained by varying the concentration of

fluorosurfactant. Arrows � data points used for Fig. 4.
measurements.
As shown in Fig. 3, the particle size decreased with
the amount of surfactant added to the solution. The mean
particle diameter as a function of the surfactant concen-
tration followed a sigmoid on a log-log plot. The mean
diameter reached a plateau around 1000 nm for the
lowest surfactant concentration, and decreased down to
another plateau around 300 nm for the highest concen-
tration. The slope in the central part of the sigmoid in
Fig. 3 was �0.93 � 0.03, which is close to the theoret-
ical slope of �1 obtained from eqn (2).

At 72 h after emulsification, an increase in average
diameter of up to 50 nm could be observed for the
smallest particles. Because the fluorosurfactant used in
our preparation tends to create a very bubbly and foamy
solution, centrifugation to remove small surfactant-sta-
bilized air bubbles from the solution was a critical step in
our particle-production process. Indeed, when small bub-
bles were not removed from the solution of nanoparticles
produced at high concentrations of fluorosurfactant, a
significant increase of the backscattering was observed.
Centrifugation time and speed were chosen so that most
particles were observed to sink to the bottom of the
centrifuge tube.

Attenuation
The attenuation curves of 4 of the 16 populations of

particles (310, 446, 810 and 970 nm size) obtained using
narrowband pulses are shown in Fig. 4. The attenuation
increased smoothly with frequency. These curves can be
fitted to eqn (5):

��f� � Af n � B, (5)

where � is the frequency-dependent attenuation, f is the
frequency and A and B are fitting coefficients. In water,
n � 2, A � 2.2 � 10�4 (dB/mm/MHz2) and B � 0

Fig. 4. Narrowband attenuation spectra of C F particles of
6 14

different diameters; D � Sauter diameter D32.
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(dB/mm) (Vogt et al. 2004). In the solution of submicron
particles studied, n increased with the particle size from
1.8 to 2.1. However, the overall attenuation decreased
with the increasing particle size (Figs. 4 and 5).

Figure 6 shows the attenuation coefficient with re-
spect to particle size at different frequencies. It is nor-
malized because the attenuation increases significantly
with frequency. Note that the attenuation started to in-
crease for bigger particles at higher frequencies. This
effect became even more pronounced as the frequency
increased.

The attenuations in submicron particle solutions
obtained using narrowband and broadband pulses are
compared in Fig. 7. The attenuations measured using
both techniques were identical, within error, for all fre-
quencies, pulses and particle populations. The broadband
and narrowband measurements yielded similar results.

Attenuation spectra at two different pressure ampli-
tudes at the focus (300 kPa and 1.8 MPa) were compared
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Fig. 5. Absolute attenuation of different populations of submicron
particles at 30 MHz. Arrows � data points used for Fig. 4.

Fig. 6. Relative attenuation of different populations of submi-
cron particles at 30 MHz, 50 MHz and 70 MHz. Errors are
smaller than the icons; lines are only visual aids.
(Fig. 8) and were found to be independent of the trans-
mitted amplitude.

Backscattering
The backscatter spectra of three different popula-

tions of submicron particles and a solution of silica
particles insonified with a 34-MHz narrowband pulse are
shown in Fig. 9. For these experiments, high transmitted
pressures (up to 3.2 MPa) were used because submicron
particles do not typically have a high scattering coeffi-
cient. The fundamental (at 34 MHz) and the second
harmonic (at 68 MHz) were observable in all the sam-
ples. No subharmonics or ultraharmonics peaks were
detectable. If present, the subharmonic signal was buried
in the noise and must be at least 35 dB lower than the

Fig. 7. Comparison of the attenuation obtained with narrow-
band and broadband pulses (particle size � 970 nm, perfluo-
rocarbon: C6F14). The usable portion of wideband pulse was

shorter than narrowband pulses because of SNR issues.

Fig. 8. Comparison of the attenuation obtained at two different
pressures (particle diameter � 970 nm, perfluorocarbon:
C6F14).
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fundamental. In comparison with the level of fundamen-
tal, the intensity of the second harmonic was 24 � 1 dB
lower for particles with an average diameter of 920 nm
and 810 nm, and 26 � 1 lower for silica and particles
with an average diameter of 422 nm. The difference
between the different samples was, thus, not significant,
considering the error.

A solution of particles with an average diameter of
530 nm was diluted at different volume fraction of liquid
perfluorocarbon relevant to the backscattering experi-
ments (0.03% to 0.375%). The normalized backscatter-
ing intensity is plotted in Fig. 10. The relative backscat-
tering increases linearly with the volume fraction of
PFH. In preliminary experiments, no clear increase in the
relative backscattering intensity could be seen at concen-
trations beyond 0.375%, which may originate from mul-

Fig. 9. Backscattering spectra of C6F14 particles of different
diameters (D) and silica (33 MHz at 3.2 MPa).

Fig. 10. Normalized backscattering intensity of a solution of
submicron particles (diameter � 530 nm) diluted at different
concentrations relevant to this experiment.
tiple scattering or the partial correlation of the position of
the scatterers.

The increase of the backscattering coefficient with
frequency is shown in Fig. 11. The slope of the log-log
fit for the larger particle was 4.2 � 0.7 and, for smaller
particles, the slope was 3.8 � 0.2. The average slope for
all samples was 3.9 � 0.3.

The backscattering coefficients of the 16 popula-
tions of particles were also measured. The experimental
values are shown in Fig. 12, along with the backscatter-
ing coefficients calculated from eqn (4). The error shown
was obtained from reproducing the experiment 10 times
for the same particle population. Despite a decrease in
the number of particles present in the solution, the scat-
tering clearly increased with the size of the particles. On

Fig. 11. Backscatter coefficient of two solutions of submicron
particles. Slope of the fit for the 693-nm particles is 4.2 � 0.7
and, for the 346 nm particles, the slope is 3.8 � 0.2. Average
slope for the other samples was 3.9 � 0.3. Blood data are from

Lockwood et al. (1991).

Fig. 12. Backscatter coefficient of different populations of

submicron particles at 50 MHz. Slope of the fit is 5.4 � 0.3.
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a log-log plot, a linear fit was obtained with a slope of 5.4
� 0.3.

DISCUSSION

Production of the particles
The goal of this study was to determine the acoustic

behavior of submicron droplets of liquid perfluorocar-
bon. It was, thus, important to create a reproducible set of
populations of particles with, preferably, a narrow size
distribution. The fluorosurfactant Zonyl FSO is well-
adapted to this purpose. Its aqueous surface tension is
low (19 dyn/cm at 0.01% concentration, Dupont), en-
abling the enclosure of the liquid perfluorocarbon with
sufficient stability. Compared to lecithin-stabilized par-
ticles (Hughes et al. 2005), the process was simplified by
the fact that only three ingredients were used to create the
particles and that less surfactant was needed.

The surface covered by the surfactant is linearly
proportional to the mass of surfactant added in the solu-
tion, assuming it is completely used to coat the particles.
Hence, from eqn (2), the Sauter mean diameter of the
particles should be inversely proportional to the amount
of surfactant. Behavior close to the theoretical prediction
is observed in Fig. 3, where the slope of the log-log
sigmoid fit was close to �1.

As observed, the size of smaller particles was lim-
ited by the amount of energy that was input by the
high-pressure emulsifier. More energy is necessary to
increase the total interfacial area of the particles. Below
0.07% surfactant concentration, not enough surfactant
was present to stabilize the particles.

Linearity of particles
Some contrast agents, such as Echogen, have a

boiling point between room temperature and body tem-
perature (Correas and Quay 1996). Consequently, such a
contrast agent behaves as a bubble inside the body with
its accompanying nonlinear behavior. In this study, we
examined whether or not such an effect is observed with
droplets of PFH.

PFH was chosen because it has one of the lowest
boiling points (56 °C, 3 mol/L) and lowest acoustic
impedances (0.875 Mrayl; Marsh et al. 2002a) among
usable liquid perfluorocarbons. A low boiling point was
supposed to favor nonlinear processes induced by the
vaporization of the perfluorocarbon and low acoustic
impedance was supposed to enhance the mismatch with
the acoustic impedance of the medium (water). The
boiling point is still much higher than the temperature at
which the study was performed (21 °C). Furthermore,
liquid perfluorocarbon enclosed in a droplet has a higher
boiling point than the bulk product (Giesecke and

Hynynen 2003). However, Kripfgans et al. (2000)
showed that droplets of dodecafluoropentane can be va-
porized by US and that the threshold of vaporization
diminishes with frequency. Giesecke and Hynynen
(2003) also observed US-mediated cavitation with PFH
droplets at low frequency. If vaporization of the PFH
inside the particles studied here were to happen, a non-
linear bubble-like acoustic behavior would be expected.

Attenuation
Several nonlinear phenomena can be observed in

the attenuation spectra of bubble solutions. One of the
possible observable bubble-like behaviors is a reso-
nance phenomenon in the attenuation spectra. When
measurements are performed with narrowband pulses
and only the region of the spectra around the funda-
mental is used to evaluate attenuation, it is expected
that a nonlinear behavior would induce a transfer of
energy outside the fundamental spectral band. There-
fore, a nonlinear effect, either in the propagation or the
scattering, or resonance, may lead to increased atten-
uation at the fundamental, especially when scattering
becomes a major contributor at higher frequencies and
particle sizes.

In bubble solutions, such as Optison® and Defin-
ity®, attenuation decreases with increasing frequency
above resonance (Chen et al. 2002). This is quite differ-
ent from most liquids, such as water, that have an atten-
uation that increases smoothly with frequency.

Also, the amplitude and the number of cycles of the
pulse affect the scattering of microbubbles and, ulti-
mately, their attenuation spectra. The attenuation of gas
bubbles augments with the input amplitude with an in-
crease of scattering cross-section because of high har-
monic production and from loss caused by damping
mechanisms (Chen et al. 2002).

The bandwidth-dependence of the attenuation of
bubbles is related to the transient response of the reso-
nant system. It is reflected in a difference of attenuation
measured with narrowband and wideband transmitted
pulses.

In this study on submicron particle solution, atten-
uation spectra showed no deviation from a smoothly
increasing curve (Fig. 4). Also, the attenuation of sub-
micron droplets was not affected by the bandwidth of the
pulses used (Fig. 7). Moreover, increasing the pressure
from 300 kPa to 1.8 MPa at focus did not affect the shape
of the attenuation curve (Fig. 8). Consequently, based on
attenuation measurement, the droplets appear to be act-
ing as linear scatterers in the range of frequency and
amplitudes studied.

Backscattering
The backscattering spectra are, themselves, very
informative about the acoustic linearity of the submicron
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droplets. For example, in high-frequency US, a sign of
nonlinear behavior is the appearance of component in the
subharmonic frequency range in the backscatter spec-
trum of microbubbles. The spectrum of submicron par-
ticles did not show such a subharmonic content (Fig. 9).

No subharmonics or ultraharmonics could be ob-
served from the scattering spectra of the particles. Sec-
ond harmonics were detectable in scattering spectra of
the particles. However, it has to be noted that very high
transmitted pressures (up to 3.2 MPa) were used because
submicron particles do not typically have a high scatter-
ing coefficient. At high-pressure amplitude, nonlinear
propagation does occur in the solution with the conse-
quent generation of harmonics. It is, therefore, important
to distinguish the linear scattering of the harmonics gen-
erated during nonlinear propagation from the nonlinear
scattering itself. To do so, particles of silica that are
known to be linear scatterers were used as a reference.
Experimentally, the levels of second harmonics caused
by PFH particles are equal within error than those from
silica particles (Fig. 9). Thus, it can be concluded that,
even at high amplitudes, most second harmonics are
generated during propagation of the wave through water,
and are linearly scattered by the particles.

Rayleigh scattering
The overall scattering of PFH submicron particles

increases linearly with concentration (Fig. 10). Such a
behavior demonstrates that the measurements are not
affected by multiple scattering. From the flow cell de-
sign, it can also be assumed that the scattering was
completely decorrelated in the focal region of the trans-
ducer. Moreover, the previous section also demonstrated
that the submicron particles are small (1 micron in com-
parison to a 30-micron minimum wavelength), linear
scatterers and probably remain liquid under the experi-
mental conditions of this study. These results support the
hypothesis of Rayleigh scattering to describe the submi-
cron PFH particles. Therefore, the backscattering cross-
section (�b) for a particle whose volume is equal to the
expected volume E[VS] can be expressed as (Rayleigh
1945):

�b � 	k2E�VS
4� 
2�� � �0

�0
�

� � �0

�0
�2

, (6)

where k is the wave number, VS is the volume distribu-
tion of the scatterers, � is the compressibility and � the
density. The subscript 0 refers to the external medium.

Figure 11 shows that the frequency-dependence of
the scattering coefficient is within error of the theoretical
power of 4 for Rayleigh scattering. It is more difficult to
conclude anything from the size-dependence (Fig. 12)

because of the variation in the number concentration for
each sample and the finite size distribution of the parti-
cles.

In this study, the absolute backscattering coefficient
at 50 MHz of the submicron particles at 0.25% concen-
tration was determined to be 3 � 10�6 Sr�1 mm�1 for
smaller particles (300 nm) to 2 � 10�3 Sr�1 mm�1 for
bigger particles (900 nm). In comparison, the backscat-
tering coefficient of a fibrous plaque at 50 MHz lies
between 0.01 to 0.1 Sr�1 mm�1 (Machado and Foster
2001) and the backscattering coefficient of blood at 50
MHz is around 0.0005 Sr�1 mm�1 (Lockwood et al.
1991). Consequently, if the particles of concern were to
be perfused, they would probably not significantly in-
crease the blood contrast in high-frequency US.

It is theoretically possible to calculate the expected
Rayleigh backscattering coefficient for a distribution of
particles (Mo and Cobbold 1986). However, the size
distribution has to be known with precision, which is not
the case in this study. Furthermore, because of the in-
herently low backscattering coefficient of the PFH par-
ticles, the signal-to-noise ratio was low, especially for
smaller particles. Also, because of practical limitations, a
limited number of detectable scatterers were studied.
Hence, the phase of the signal from the particles is not
uniformly distributed and the signal envelope follows a
K-distribution rather than a Rayleigh distribution. This
deviation decreases for increasing particle size. It was
impossible to correct for the phase of the signal because
of insufficient statistics.

The issue to find the expected backscattering coef-
ficient highlights the problems related to the measure-
ment of backscattering coefficient for dilute solutions of
weak scatterers. Not only are measurements affected by
diffraction and attenuation, but they rely also on the
decorrelation of the echo signals from the particles, re-
quiring a significant amount of these particles to ensure
sufficient backscattered signal averaging. The submicron
particles are, themselves, weak scatterers in solution
because of their size, but also because of the low mis-
match in acoustic impedance with the surrounding water
(PFH � 0.875 MRayl vs. water � 1.5 MRayl). The weak
scattering of the particles in solution is one of the moti-
vations for their use as targeted contrast agents, but
makes their study more challenging.

This study confirms some conclusions about submi-
cron perfluorocarbon particles found in the literature. The
apparent backscattering and attenuation of perfluoro-octyl
bromide particles in blood was previously measured at
frequencies up to 15 MHz (Hughes et al. 2005) at various
powers. They also found no evidence of nonlinear phenom-
ena. The particles have also been characterized when bound
to a surface (Lanza et al. 1998). Our study was concerned
about the attenuation and backscattering coefficients at

higher frequencies for PFH particles of various sizes. It also
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describes the production of simple droplets and their mod-
eling as Rayleigh scatterers.

The study of the backscattering coefficient of
PFH particles was performed for dilute suspensions.
However, the particles are intended to be used, not as
a blood-pool contrast agent, but as a bound agent.
Targeted agents were shown to increase the reflectiv-
ity of surfaces significantly, a phenomenon that was
modeled previously (Lanza et al. 1998), based on the
idea that these particles would form a layer and act as
a transmission line. This model is limited because it
does not take into account surface roughness, surface
density of the particles or their size distribution. It
may be possible to develop a model where the parti-
cles act as independent scatterers and where their
impulse response functions are summed to obtain the
total reflectivity enhancement.

Dependence of attenuation on size
It is interesting to note that, although the scattering

increased with the size of the particles, the overall atten-
uation decreased. Such behavior can be understood from
the description of attenuation in emulsion given by Mc-
Clements (1996). Four components are taken into ac-
count, intrinsic absorption, thermal absorption, viscoin-
ertial absorption and scattering. The intrinsic absorption
depends on the proportion of each phase in the emulsion
and is independent of the droplet size. The viscoinertial
and thermal components originate from frictional losses
during particle oscillation and the asymmetrical heat
flow, in and out of the droplets. The content of the
droplets determines the size at which the absorption of
the solution will be maximal. For Rayleigh scattering,
the scattering contribution depends on the fourth power
of the frequency and the third power of the particle
radius. It becomes the main factor in attenuation for high
frequencies or large particles. The curve in Fig. 5 is the
summation of the growing scattering and the decay of the
viscoinertial and thermal processes. This study suggests
that the contribution of the scattering in the attenuation is
lower than the contributions from the viscoinertial and
the thermal attenuation, which may be understood from
the fact that the experiments were performed in a fre-
quency range covering what McClements refers to as
“the long wavelength regime and the intermediate wave-
length regime.” Another clue is that the scattering con-
tribution becomes more evident when the frequency is
increased from 30 MHz to 70 MHz (Fig. 6).

CONCLUSIONS

A solution of water, PFH and fluorosurfactant can
be used to create a simple model for liquid PFH submi-

cron droplets. Changing the concentration of the fluoro-
surfactant easily modifies the size of the particles. By
varying the concentration in PFH, one can change the
concentration in particles. Unlike gas-filled US contrast
agents, these submicron particles do not undergo strong
resonance or strong nonlinear acoustic behavior. The
frequency and size-dependence of the backscattering co-
efficient of the submicron particles correspond reason-
ably well to the theory of Rayleigh scattering. For vol-
ume concentrations of 0.25%, the backscattering coeffi-
cient of the particles is around 0.0002 (Sr�1 mm�1) for
particles of 700 nm in size. This low value suggests that
these particular agents are unlikely to be useful as freely
circulating contrast agents at high-frequency US.

Knowing that submicron particles made of liquid
PFH are behaving closely to linear Rayleigh scatterers is
essential in the modeling of their acoustic behavior at-
tached to a surface. The fact that the increase in signal
intensity is caused by acoustic impedance mismatch be-
tween the particles and the medium and not because of
resonance or vaporization of the liquid perfluorocarbon
has been confirmed. Based on these findings, it may be
easier to explain the contrast mechanism of the submi-
cron particles and improve the methods for their detec-
tion.
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