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Abstract—Targeted contrast agents and ultrasound imaging 
are now used in combination for the assessment and track-
ing of biomarkers in animal models in vivo. These applica-
tions have triggered interest in the understanding and predic-
tion of the ultrasound echoes from contrast agents attached 
to cells. This study describes the reflection enhancement due 
to microbubbles bound on a gelatin surface. The reflection 
enhancement was measured using ultrasound pulses at high 
frequency (40 MHz) and low pressure (38 kPa peak-negative-
pressure) allowing a linear approximation to be applied. The 
observed reflection coefficient increased with the number of 
microbubbles, until reaching saturation at 0.9 when the sur-
face coverage fraction was 35%. A multiple scattering model 
assuming that the targeted microbubbles are confined within 
an infinitesimally thin layer appeared suitable in predicting the 
reflection coefficient even at very high surface densities. These 
results could permit the optimization of the sensitivity of high-
frequency ultrasound to targeted contrast agents.

I. Introduction

a better understanding of the genetic and proteomic 
mechanisms of diseases like atherosclerosis and cancer 

has created an opportunity for new treatments based on 
molecular medicine. however, selection of proper molecu-
lar targets for therapy is partly limited by the lack of infor-
mation about their expression in living patients. Targeted 
microbubbles [1], in combination with ultrasound imag-
ing, has allowed molecular imaging of angiogenesis [2]–[9], 
inflammation [10], [11], and thrombus [12], [13] in animal 
models. optimization of these agents requires improve-
ments in the specificity of targeting, as well as sensitivity 
of the ultrasound system to the bound microbubbles. Past 
improvements in the contrast derived from microbubbles 
have been obtained using pulse sequences, such as pulse-
inversion, derived from a better understanding of the bub-
ble’s behavior [14]. For this reason, the acoustic response 
of free microbubbles in aqueous media has been modeled 
extensively [15]. For ultrasound molecular imaging, it is of 
interest to describe the acoustic behavior of microbubbles 
when they are bound to cells through targeting ligands.

current models for the behavior of microbubbles in 
an acoustical field assume isotropic oscillations. This 
assumption may be less valid when applied to targeted 
microbubbles because of the inherent asymmetry of the 
boundary conditions. The effect of a boundary close to 
the microbubble can be partly compensated through a 
mirror-image method as demonstrated by Garbin et al. 
[16]. however, microbubbles cannot be assumed to have 
a spherical shape during oscillation because of the forces 
applied by the surface and the tethering by the target-
ing ligands [17]. In addition, contrary to the use of mi-
crobubbles for contrast enhancement, targeted microbub-
bles might accumulate at very high concentrations and 
form nonrandom patterns, such as when they are aligned 
on the internal surface of a blood vessel. For instance, it 
has been demonstrated that several targeted microbubbles 
can bind to a single cell in vitro [7], [18] leading to surface 
densities potentially surpassing 1000 microbubbles/mm2. 
In such conditions, the acoustic response of a population 
of bound microbubbles cannot be derived from the linear 
summation of the single-bubble behavior as observed by 
lankford [19]. It is thus necessary to consider the effects 
due to coherent [20] and multiple scattering.

Modeling the acoustic behavior of collections of bound 
microbubbles can be greatly simplified by assuming lin-
ear conditions. such an assumption allows the use of el-
ementary metrics such as the reflection coefficient and the 
backscattering coefficient. For sufficiently low incident 
pressures and excitation frequencies sufficiently far from 
their resonance peak, microbubbles can be regarded as 
simple linear scatterers with a frequency-dependent back-
scattering cross section [21]. such a simplification is used 
in this study as a first step in the understanding of the 
acoustical behavior of bound microbubbles.

The goal of this study is to describe theoretically and 
experimentally the reflection of high-frequency ultrasound 
from surfaces covered with different densities of microbub-
bles. a multiple-scattering model is introduced, and ultra-
sound experiments performed with bound microbubbles 
co-registered with a wide-field microscope on a poorly re-
flecting (gelatin) surface are described.

II. Theory

To predict the reflection coefficient from targeted mi-
crobubbles attached to a poorly reflecting surface, the 
scattering cross section of individual microbubbles must 
be determined. For bubbles much smaller than the wave-
length of the interrogating pulse and for frequencies much 
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larger than the bubble’s resonance frequency, the linear-
scattering cross-section σlin can be written very simply as 
the geometrical cross section [21]

 s plin = 4 0
2R  (1)

where R0 is the radius of the microbubble.
When single scattering is assumed, the reflection coeffi-

cient of a layer of particles can be calculated from the lin-
ear sum of the contributions from each particle weighted 
by the particle size distribution, while taking diffraction 
into account [20]. however, it is necessary to consider mul-
tiple scattering for strong scatterers at high concentra-
tions.

Following chin [22], multiple scattering can be assumed 
significant when the secondary scattering ratio (Rps) sur-
passes about 10%. This ratio is defined as the ratio of the 
incident intensity to the primary scattering, given by σS/
rmean

2, where rmean is the average distance to the nearest 
particle (calculated in appendix). For particles on a plane, 
this yields
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where nS is the surface density of the microbubbles.
From (2), the secondary scattering becomes significant 

for 1 μm-radius microbubbles distributed on a plane when 
the surface density is about 2000/mm2.

Many authors have developed models to calculate the 
effect of multiple scattering on the acoustical properties 
of a medium [23]–[25]. In particular, angel and aristegui 
[26] described the acoustical reflection of a layer of thick-
ness 2h containing particles floating in the same medium 
that surrounds the layer (Fig. 1). This analysis of multiple 
scattering was based on a theory proposed by Waterman 
and Truell [25]. The interest of this model comes from the 
fact that it derives the reflection coefficient directly from 
the far-field scattering properties of a single particle. For 

isotropic and randomly distributed scatterers, an effective 
wavenumber (K) within the layer can be determined as

 K k n f2 2
04= + p  (3)

where k is the wavenumber within the medium surround-
ing the particles, n0 is the volume concentration of the 
scatterers, and f is the scattering function of a single scat-
terer.

The acoustic impedance ratio (Q) is expressed as
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and the resulting reflection coefficient is
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adapting the model by angel and aristegui [26] for an 
infinitely thin layer, the thickness 2h becomes 0, and the 
volume density is the surface density divided by the thick-
ness (n0 = nS/2h). In such a case, the reflection coefficient 
can be reduced to
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This expression of the reflection applies to isotropic scat-
terers uniformly and randomly distributed on an infinite 
plane. any order in the particle positions, which could oc-
cur for example when they are closely packed, would likely 
introduce a crystalline term [27]. The scattering function 
(f) of a microbubble of radius R0 can be obtained from 
the scattered pressures calculated through various models 
[15], [28], [29]. If the phase can be disregarded, f becomes 
the square root of the scattering cross section. When the 
particles are polydisperse, their scattering function is 
weighted by the size distribution of the particles.
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Fig. 1. layer of scatterers reflecting ultrasound.
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III. Experiment: Material and Methods

The experiment consisted of measuring the change in 
the reflectivity of a surface due to bound microbubbles.

a gelatin surface immersed in water was used as a mod-
el for tissue. Twenty milliliters of a solution of 2% weight/
volume gelatin (sigma-aldrich co., st. louis, Mo) was 
poured into a tissue culture dish. The dishes were left to 
solidify and dry for about 2 h. streptavidinated microbub-
bles (Bracco research sa, Geneva, switzerland) were pre-
pared following the protocols of the manufacturer. The 
avidinated bubbles were then diluted in various amounts 
of phosphate buffered saline (PBs) down to a 1/1440 of 
the original concentration and left on ice. Fifteen μl of 
each concentration of streptavidinated microbubbles were 
dotted on the gelatin plates (serial dilution). The plates 
were then inverted and the microbubbles left to interact 
with the surface for 15 min. The plates were washed with 
degassed PBs to eliminate the unbound microbubbles and 
immersed in a water bath for imaging (Fig. 2).

Ultrasound imaging was performed using a Visualson-
ics Vevo770 (Visualsonics Inc., Toronto, on, canada) 
equipped with a 40 Mhz probe (6 mm focal length, 3 mm 
diameter, −6 dB beam cross section calculated to be 
4400 μm2) focused on the gelatin surface. This system was 
mounted on top of an inverted optical microscope (leica, 
Wetzlar, Germany). Three-dimensional images were ob-
tained with single cycle pulses at 40 Mhz at the 3% power 
setting on the Vevo with an additional 20 dB attenuator in 
the transmission path. (This corresponded to a peak nega-
tive pressure of 38 kPa at the focus, as measured using a 
hydrophone.) The field of view of 0.98 mm × 0.98 mm was 
centered on the dot of microbubbles. The rF data were 
also acquired by an 8-bit a/d board and processed using 
Matlab (MathWorks Inc., natick, Ma) to derive reflected 
amplitudes. The frequency-dependent reflected amplitude 
was obtained by segmenting the surface reflection in the 
rF data, applying the Fourier transform and averaging 
results obtained around the center of the microbubble dot. 

This reflected amplitude was then compared with that of 
a quartz flat of known reflection coefficient (R = 0.79) to 
determine the absolute reflection coefficient of the surface. 
The reflected amplitude of a dot of microbubbles was also 
observed over time by scanning the surface at several min-
ute intervals while keeping the surface submerged. The 
linearity of the reflected amplitude was also investigated 
by increasing the incident pressure. The potential disrup-
tion of microbubbles was investigated by exposing them to 
a series of 4500, one-cycle pulses (1 khz PrF) and observ-
ing variations in the reflected amplitude. linearity and 
disruption experiments were performed for negative peak 
pressures ranging from 38 to 440 kPa.

simultaneously to the ultrasound scanning, the plates 
were observed with a custom-made dark-field adaptation 
of the leica microscope at 20× magnification. sample 
plates of bubbles were also observed under transmission 
light using an upright microscope with a 63× objective 
(na = 0.9; leica, Wetzlar, Germany,) for an estimation 
of the microbubble size distribution. The surface density 
of microbubbles was estimated using an image-processing 
code developed with Matlab, which was based on a thresh-
olding and object-detection approach and compared with 
manual counting within a 5% error. Bubbles in samples of 
the solution were also counted and sized using a coulter 
Multi-sizer 3 (Beckman coulter Inc., Fullerton, ca) with 
an aperture of 20 μm, covering a range of 0.7 to 12 μm in 
diameter. The accuracy of both sizing methods (optical 
and coulter) was determined using monodisperse latex 
size standard beads.

IV. results

an optical microscope image of microbubbles bound on 
gelatin is shown in Fig. 3(a). The volume concentration 
of the dotted solution used for this image was about 100 
million bubbles/ml. The microbubbles appeared as black 
dots with a diameter that could be resolved over 1 μm, 
which was twice the abbe theoretical resolution limit for 
this microscope objective. Fig. 3(b) shows an example of 
microbubbles that were not distributed uniformly over the 
surface of gelatin. such patterns were observed occasion-
ally for very high surface densities of microbubbles and 
were not investigated with ultrasound.

The optical contrast between the microbubbles and the 
background allowed them to be counted. The relationship 
between the surface densities of microbubbles bound to 
the surface with respect to the concentration of microbub-
bles in the droplet is presented in Fig. 4. It shows that the 
number of bubbles on the surface increased with the total 
number of bubbles added.

The size distributions of microbubbles interrogated 
during the acoustical experiments superimposed with a 
lognormal best fit are presented in Fig. 5. The bound mi-
crobubbles had a maximum number fraction at a radius 
of 1.3 μm, and their distribution had a standard deviation 
of 0.57 μm as measured by the upright microscope. less 
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Fig. 2. Experimental setup for the measurement of the reflection en-
hancement induced by microbubbles bound to a surface. The microscope 
is used to determine the surface density of microbubbles.
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than 15% of all bound bubbles were larger than 2 μm in 
radius. The microbubbles measured in solution with the 
coulter counter appeared smaller than their bound coun-
terparts with a maximum number fraction at a radius of 
0.7 μm and less than 5% of all bubbles bigger than 2 μm. 
Both optical and coulter sizing methods appeared accu-
rate with respect to the measurement of 2.12 μm (median) 
latex standard beads, which yielded 2.14 ± 0.16 μm and 
1.97 ± 0.11 μm, respectively.

results for the control experiments are shown in Figs. 
6–8. as demonstrated by Fig. 6, the reflection from mi-
crobubbles bound to gelatin and immersed in degassed 
PBs was not constant over time but decreased to a quar-
ter of its original value after 4 h. as expected, the reflec-
tion from the gelatin surface was independent of time. 
Fig. 7 shows the amplitude dependence of the reflection of 
microbubbles with respect to peak-negative pressure. as 
pressure was increased, the measured reflection coefficient 
deviated from the values found at 38 kPa. This effect is 
perceptible at 82 kPa and becomes significant at 140 kPa. 
Finally, the disruptive effects of 4500 ultrasound pulses on 
bound microbubbles are shown in Fig. 8. as the pressure 

amplitude of the repeated pulses increased, the reflection 
at the end of the disruption sequence decreased. no loss of 
signal was observed below 214 kPa.

The dots of microbubbles, as they appeared under a 
high-frequency ultrasound scanner, are shown in Fig. 9, 
with a field of view larger than used in the experiments. 
The presence of the microbubbles created bright disks of 
about 4 mm in diameter over the poorly reflective gela-
tin. during image acquisition, no microbubble detachment 
or free bubble was observed. contrast was dependent on 
the surface density, measured by counting the microbub-
bles within the theoretical −6 dB transducer beam cross 
section in the focal plane. The beam area was estimated 
theoretically from the focal length and aperture and from 
the wavelength of the transmitted pulse. In general, the 
intensity of the reflections from the dots seemed to be 
uniform in the central part of the disk where the quanti-
tative experiments were performed. however, it slightly 
increased over the edge as a consequence of higher mi-
crobubble densities.

Using the rF data acquired along the 2-d scan of the 
microbubble dots, the average reflection coefficient over 
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Fig. 3. (a) Bright-field microscope (40×) image of targeted microbubbles. The scale bar is 10 μm long. (b) dark-field microscope (20×) picture of 
microbubbles forming a pattern at the edge of the dot.

Fig. 4. Microbubbles binding efficacy. The error bars are standard devia-
tions over different vials (n = 4) and the fit is an exponential ramp (R2 
= 0.98).

Fig. 5. Bubble size distribution as measured in solution by the coulter 
counter (n = 3) and bound on a gelatin surface using an optical micro-
scope. The fits are log-normal (coulter: R2 = 0.99, Microscope: R2 = 
0.93).
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the central part of each dot was estimated and is plotted 
in Fig. 10. Experimental data comprised 4 trials performed 
using different vials of the agent prepared before the ex-
periments, each of which lasted approximately 45 min. all 
trials showed an increase in the reflection coefficient with 
an increase in the surface density up to a plateau of 0.9. 
This plateau, which was higher than the reflection coeffi-
cient from an acoustical mirror made of polished quartz (r 
= 0.79), was reached around 150 bound bubbles per beam 
area. Until 90 bubbles/per beam area, the reflection coef-
ficient increased linearly with a slope of 0.0079 ± 0.0005 
per bubble (R2 = 0.98). For comparison, the reflection 
coefficient from the gelatin surface was 0.025.

Both the linear and multiple scattering models, derived 
from the theoretical model in couture [20] and (6), re-
spectively, are presented in Fig. 10. The scattering cross 
section of the microbubbles was derived from (1), which 
applies for linear scattering for long wavelengths and fre-

quencies much higher than the resonance frequency of 
the bubbles. as a confirmation, this value was compared 
with the scattering cross section predicted by the Keller-
Miksis [30] and Faran [31] models. It was found to be in 
agreement within 1% and 0.09%, respectively. assuming 
negligible viscous damping in the bubble oscillation, the 
scattering function was calculated as a real number cor-
responding to the square root of the differential scattering 
cross section.

The linear model underestimated the increase in reflec-
tion coefficient for smaller number of microbubbles (slope: 
0.005 per microbubble) and could not predict the reflec-
tion saturation. on the other hand, the multiple scattering 
model, which was only dependent on the size distribution 
of the bubbles and their surface density, provided a very 
good prediction of the reflection coefficient (χ2 = 0.33), 
because both the early increase and the plateau were cor-
rectly modeled.

V. discussion

The goals of this study were to create a simple ex-
perimental system to study bound microbubbles, deter-
mine their acoustical properties under linear conditions, 
and compare results to a predictive model. Generally, 
microbubbles are assumed to have a nonlinear acoustical 
response, which is described by complex differential equa-
tions [21]. linear models are not commonly used because 
they predict poorly the scattering of microbubbles near 
their resonance frequency, which contributes to a large 
fraction of backscattered signals in most clinical applica-
tions. The experimental results shown in Fig. 7 seem to 
demonstrate that at 40 Mhz and at low pressures (un-
der 50 kPa peak-negative), the behavior of these targeted 
microbubbles is amplitude independent. however, above 
50 kPa, fluctuations in the reflection coefficient seem to 
indicate that bubbles might be undergoing oscillations re-
sulting in nonlinear scattering. nevertheless, the linearity 
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Fig. 6. Time evolution of the reflection of targeted microbubbles in PBs 
at room temperature (peak-negative pressure: 38 kPa). The error bars 
are standard errors (n = 11).

Fig. 8. ratio between the reflection coefficient of bound microbubbles 
after and before 4500 single-cycle pulses at various amplitudes (1 khz 
PrF). Error bars are standard deviations (n = 9).

Fig. 7. Variation of the reflection from bound microbubbles at different 
incident peak negative pressures. The error bars are standard deviations 
(n = 9).
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assumption can be applied to the modeling of the behav-
ior of populations in the conditions of the present study. 
however, calculations based on the work of chin [22] show 
that multiple scattering has to be taken into account even 
when resonant microbubbles are separated by several di-
ameters.

The initial experiments on binding microbubbles to 
a poorly reflective surface demonstrated that a gelatin 
surface is ideal for targeted bubble experiments. acousti-
cal properties of the gelatin surface can be modified by 
varying the concentration of gelatin dissolved in water to 
attain a reflection coefficient lower than 0.005. For sim-
plicity, the microbubbles were not targeted using anti-
bodies, but by relying on streptavidin’s natural affinity 
for gelatin. Therefore, the binding was not specific. This 
may affect how the bubbles are bound to the surface and 
their response to acoustical waves. however, this simple 
experimental system provided sufficient stability for our 
preliminary purpose. as demonstrated by Figs. 3(a) and 
4, many bubbles remained on the surface after multiple 
washes with PBs.

541coUTUrE ET al.: reflection from bound microbubbles at high ultrasound frequencies

Fig. 9. c-scan (40 Mhz) of various concentrations of streptavidinated microbubbles on the gelatin surface. The field of view was extended to 6 mm 
× 6 mm. The surface density of microbubbles (in bound bubbles in −6 dB beam area) is 20 (a), 131 (B), 229 (c), and 331 (d).

Fig. 10. Experimental and theoretical acoustic response of microbubbles 
bound on a gelatin surface at 40 Mhz and with a 38 kPa peak-negative 
pressure. Error bars are standard deviations across different vials (n = 
4). The linear and multiple scattering models were derived using the fit-
ted size distribution measured by optical microscopy in Fig. 5.
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not only are microbubbles strongly attached to the sur-
face, but the number of bound bubbles is both reproducible 
and strongly dependent on the concentration of bubbles 
originally present in the solution (Fig. 4). Interestingly, 
the binding affinity decreases as the bubble density at 
the surface increased. In other words, a microbubble has 
less chance to bind when other microbubbles are already 
present. This seems to support the idea that microbub-
bles might interact repulsively, consequently preventing 
further binding in their proximity [32]. such interactions 
between microbubbles might also explain the type of pat-
terns observed in Fig. 3(b), which highlights the interest-
ing problem of the fluid dynamics of microbubbles in very 
concentrated solutions.

The resolution of the microscope was sufficient to dis-
tinguish the borders of bubbles bigger than 1 μm in di-
ameter. The resulting size distributions show that bound 
microbubbles had a fairly tight size distribution around 
1.3 μm in radius, which was well described by a lognormal 
fit. Few bubbles were bigger than 2 μm in radius. such a 
tight size distribution is advantageous for modeling the 
average backscattering of the bubble population. Interest-
ingly, bound microbubbles are bigger than those observed 
in solution, which seems to contradict the results of Taka-
lkar et al. who did not see any difference between the 2 
populations [33]. although the midpoint of microbubbles 
lying in different optical focal planes may introduce a sys-
tematic error of up to 5%, this does not fully account for 
the observed difference.

The experiments related to the reflectivity of surfaces 
were preceded by a series of experiments to determine the 
stability and the linearity of the signals reflected from 
microbubbles. The time stability experiment consisted of 
repeating the measurement of the reflection of 4 dots over 
4 h. as shown in Fig. 6, the reflection of microbubbles 
in degassed PBs decreases significantly over time. This 
could introduce a systematic error even if the time be-
tween preparation and measurement is kept constant. In 
general, the stability of a bubble is strongly affected by its 
environment, such as a degassed solution or the capillary 
bed within lungs.

The assumption of linearity, which is fundamental to 
our modeling, was tested in Fig. 7. one-cycle pulses with 
different peak-negative pressures were incident on the mi-
crobubbles and the quartz to establish the variation in the 
reflection coefficient of the bound microbubbles. as the 
pressure was increased beyond 50 kPa, the reflection coef-
ficient deviated significantly from the low-pressure value. 
In these conditions, microbubble scattering was no longer 
linear.

The last experiment was to determine if the microbub-
bles were affected by the experimental insonation. From 
Fig. 8, it can be seen that they are not affected by the low-
pressure pulses (38 kPa), even after 4500 pulses. however, 
at higher pressures, the reflection of the microbubbles is 
reduced. This phenomenon was qualitatively observed in 
B-scan images of bound bubbles. This observation led to 
the use of the lowest transmission power of the Visualson-

ics Vevo 770 with an additional 20 dB of attenuation in 
transmission for the following experiments.

The ultrasound images of Fig. 9 show that the regions 
of enhanced reflection are confined and homogeneous, 
which supports the method of averaging the reflection over 
the dot. It also shows that the microbubbles are cleanly 
washed away from the surface. Thus, only the bound bub-
bles, initially in the dot, are present on the surface.

Fig. 10 shows that the reflection of a surface increases 
rapidly with the number of bound microbubbles. The ini-
tial slope demonstrates that the presence of 4 bubbles in 
the beam is sufficient to double the reflection coefficient 
of the gelatin surface, which eventually reaches a maxi-
mum of R = 0.9, a level higher than a polished surface of 
quartz, when as few as 150 microbubbles are present in 
the beam area. as a comparison, contrast agents made of 
liquid perfluorocarbon particles [20], [34] had a maximum 
reflection coefficient of 0.05, which is about 20 times lower 
than that of bound microbubbles for the same area cover-
age. consequently, microbubbles should be preferred to 
liquid perfluorocarbon particles in applications requiring a 
high sensitivity of the ultrasound scanner to the targeted 
contrast agents, even in linear conditions, unless agent 
stability is a concern.

The reflection coefficient seems to be predicted accu-
rately as a function of surface density by an adaptation of 
the model of angel and aristegui [26], which accounts for 
multiple scattering. Many simplifications can be made as 
assumptions are added, namely, isotropic scattering, long 
wavelength with respect to bubble size, frequencies much 
higher than the bubble resonance frequency, and uniform 
spatial distribution of the scatterers on the plane. The lat-
ter condition may become less valid as more microbubbles 
are accumulated on the gel surface. at high surface den-
sities, the position of a microbubble will be influenced 
by the presence of its neighbors. This is demonstrated 
in Fig. 4, which shows that the binding of microbubbles 
depends on their concentration. strictly speaking, our 
multiple scattering model is accurate only in the linear 
region of Fig. 4, until about 30,000 bubbles/mm2. above 
that limit, a quasi-crystalline term should be added to 
the model. It is difficult to assess if such surface densities 
are attainable in vivo because there are no standardized 
measurements for the densities of targeted contrast agents 
in such conditions. Intravital microscopy of microbubbles 
targeted to inflammation markers has shown that only a 
few bubbles per optical field are observable in a capillary 
bed [35], making multiple scattering unlikely. however, in 
vitro studies on aortic smooth muscle cells [36] and coro-
nary artery endothelial cells [18] have shown that several 
particles can be targeted on single cells, leading to surface 
densities in the order of 1 × 103 microbubbles/mm2. such 
concentrations can induce multiple scattering, but are far 
from the upper bound of validity for the model presented 
in this study.

Fig. 10 demonstrates that the reflection coefficient can-
not be fully described by summing linearly the contri-
butions of individual microbubbles, as can be done for 
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particles with smaller scattering cross section [20], [37]. 
Moreover, these models do not scale with frequency. an 
increase in amplitude of the incident pulse, a decrease in 
its frequency or in the bubble size might cause the mi-
crobubbles to oscillate asymmetrically and undergo non-
linear oscillations. The use of higher frequencies to study 
populations of bound microbubbles makes possible many 
simplifications that would not apply at frequencies closer 
to resonance of microbubbles. For instance, because the 
scattering cross section of a microbubble is several orders 
of magnitude higher at the resonance frequency, multiple 
scattering should become notable at lower surface den-
sities. Models taking the acoustical interactions between 
bubbles into account are thus even more important at 
clinical frequencies. however, the approximation that the 
scattering cross section is equal to the geometric cross sec-
tion cannot be applied in such conditions and numerical 
simulations are required. otherwise, the results from this 
study are directly applicable for higher frequency ultra-
sound applied to small animal [9] and intravascular imag-
ing [36].

This study represents a first step in the modeling of the 
acoustical behavior of populations of bound microbubbles. 
additional work should be done at lower frequencies to 
determine the limits of the model. In such a case, the 
scattering cross section should be obtained from nonlin-
ear models such as Keller-Miksis, which are needed to de-
scribe the behavior of microbubbles closer to their reso-
nance. More experiments are required to investigate the 
disruption level of bound microbubbles with respect to 
their free-flowing counterparts and the behavior of single 
bound microbubbles. Finally, the study of the reflection 
coefficient of targeted microbubbles should be extended 
to clinically relevant situations, such as endothelial cell 
surfaces and thrombi.

VI. conclusion

This study measured and modeled the echo from tar-
geted microbubbles at high frequencies. a simple exper-
iment was used to measure the reflection coefficient at 
40 Mhz from microbubbles bound to a poorly reflective 
surface. control experiments show that the reflection of 
targeted microbubbles is linear for single-cycle pulses be-
low 140 kPa peak-negative pressure at this frequency. The 
reflection coefficient of microbubbles correlated well with 
the number of microbubbles on the surface measured with 
optical microscopy. The maximum reflection coefficient, 
R, was measured to attain a value of 0.9 when 35% of 
the surface was covered with the agent. These values were 
predicted by a multiple scattering model, which was valid 
for the high frequency and low powers used in our experi-
ments. These results may contribute to the optimization 
of parameters, such as the required dose of agent for de-
tection of a specific receptor, which is a critical parameter 
for targeted microbubble imaging.

appendix

The average distance to the closest particle on a surface 
(rmean) can be determined from the surface density (nS) 
using a modified version of the calculation given by chin 
[22].

assuming that particles are independently placed over 
a surface, the probability that x bubbles are found within 
an area A of the surface around another bubble is given 
by the Poisson distribution:
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The probability density that the nearest neighboring 
particle is between a radius of r and r + dr can then be 
expressed as the following product:
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simplifying using the following definitions
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The average distance to the next particle can be obtained 
from the following integral:
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