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ABSTRACT 

Contrast-enhanced ultrasound imaging relies on the nonlinear scattering of microbubbles suspended in an ultrasound 
contrast agent. The bubble dynamics is described by a Rayleigh-Plesset-type equation, and the success of harmonic 
imaging using contrast agents has always been attributed to the nonlinear behavior predicted by this equation. A sur-
factant layer of phospholipids stabilizes the microbubbles and it has always been assumed that the visco-elastic prop-
erties of the coating lead to an increased stiffness and additional damping of the radial dynamics, hence to a reduction 
of the nonlinear response of the bubbles. Here we show that the coating material in fact leads to an increased nonlin-
ear bubble response even at low acoustic pressures where the traditional models for coated as well as uncoated bub-
bles would only predict linear behavior. For a selection of bubbles we show a pronounced skewness of the resonance 
curve for increasing pressures to be the origin of the ‘threshold’ behavior, where it appears as if the bubbles are acti-
vated only at elevated pressures. Another set of bubbles shows a ‘compression-only’ behavior, where the bubbles are 
observed to efficiently compress, while their expansion is highly reduced. Moreover, the majority of these bubbles 
display a very strong subharmonic response. The shell-buckling model by Marmottant et al. accounts for buckling 
and rupture of the shell and captures all of the above cases for a unique set of the shell parameters, the relevant pa-
rameter being the phospholipid concentration at the bubble interface. 

INTRODUCTION 

Ultrasound is the most commonly used medical imaging 
technique. As compared to computer tomography (CT) and 
magnetic resonance imaging (MRI) ultrasound offers the 
advantage that the hardware is relatively inexpensive and that 
it provides real-time images. Imaging with ultrasound is 
based on the reflection of the transmitted sound wave at tis-
sue interfaces, where the wave encounters an acoustic imped-
ance mismatch, and scattering due to inhomogeneities in the 
tissue. Unlike tissue, blood is a poor ultrasound scatterer, 
resulting in a low contrast echo. To enhance the visibility of 
the blood pool, ultrasound contrast agents (UCA) have been 
developed, enabling the visualization of the perfusion of 
organs. A promising new application of UCA is in molecular 
imaging [1] with ultrasound and in local drug delivery [2]. 

The typical UCA is composed of a suspension of microbub-
bles (radius 1-5 µm) coated with a phospholipid, albumin or 
polymer shell. The coating decreases the surface tension σ 
and therefore the capillary pressure 2σ/R and in addition 
counteracts diffusion through the interface, thus preventing 
the bubble from quickly dissolving in the blood. The mecha-
nism by which microbubbles enhance the contrast in ultra-
sound medical imaging is two-fold. First, microbubbles re-
flect ultrasound more efficiently than tissue due to the larger 
difference in acoustic impedance with their surroundings. 

Second, in response to the oscillating pressure field micro-
bubbles undergo radial oscillations due to their compress-
ibility, which in turn generates a secondary sound wave. The 
oscillations are highly nonlinear, and likewise the sound 
emitted by the oscillating bubbles. Several pulse-echo tech-
niques have been developed to increase the contrast-to-tissue 
ratio (CTR), making use of the nonlinear components in the 
acoustic response of microbubbles, which are not found in 
the tissue, e.g. pulse-inversion [3] and power modulation [4]. 
The nonlinear response specific to coated microbubbles of-
fers the potential for new strategies for the optimization of 
the CTR.  

 
 
Figure 1. A) Vial containing ultrasound contrast agents. B) 
Ultrasound contrast agent microbubbles captured in optical 
microscopy. C) Schematic drawing of a microbubble coated 
with a phospholipid monolayer 
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Bubble dynamics modeling 

The bubble dynamics in an ultrasound field can be described 
by a Rayleigh- Plesset type equation [5-7]. The influence of 
the coating has been investigated in the last two decades, 
resulting in various extensions of the Rayleigh-Plesset equa-
tion. De Jong et al. [8] describe the coating as a thin homoge-
neous viscoelastic solid with a shell elastic parameter Sp and 
a shell friction parameter Sf. A more theoretical approach was 
provided by Church [9] who considered a visco-elastic sur-
face layer of finite thickness. The models by De Jong et al. 
and Church were both developed for the albumin-coated 
contrast agent Albunex. Hoff et al. [10] reduced the model 
developed by Church to the limit of a thin shell. Sarkar et al. 
[11] proposed a model for a thin shell of a viscoelastic solid 
where the effective surface tension depends on the area of the 
bubble and the elasticity of the shell. In the model by Stride 
[12] the coating is a molecular monolayer, which is treated as 
a viscoelastic homogeneous material, and the shell param-
eters depend on the surface molecular concentration. Doini-
kov et al. [13] addressed the lipid shell as a visco-elastic fluid 
of finite thickness described by the linear Maxwell constitu-
tive equation. The volumetric oscillations predicted by the 
Rayleigh-Plesset model can be used to predict attenuation 
and acoustic backscatter of the agent. 

Experimental validation 

Experiments on a representative sample of the UCA, contain-
ing many microbubbles, confirm the general trends and the 
influence of the bubble coating as predicted by the models. 
The resonance frequency is observed to shift to higher fre-
quencies due to the shell stiffness and the extra damping 
introduced by the shell decreases the overall acoustic re-
sponse. Van der Meer et al. [14] scanned the insonation fre-
quency at constant acoustic pressure to obtain resonance 
curves of single bubbles. The acoustic pressure was main-
tained below 40 kPa to ensure linear bubble dynamics. Van 
der Meer et al. indeed found an increase of the resonance 
frequency with respect to uncoated microbubbles.  

At a detailed level the agreement between theory and ex-
periment is less convincing. Recent optical characterization 
studies using high-speed imaging revealed some interesting 
features of single bubble dynamics that could not be de-
scribed by the traditional coated bubble models. One of them 
is “compression-only” behavior reported by de Jong et al. 
[15], where the bubble oscillations are non-symmetric with 
respect to the resting radius; the bubbles compress more than 
they expand. In the study of De Jong et al. `compression-
only' behavior was observed in 40 out of 100 experiments on 
phospholipid-coated bubbles, for acoustic pressures as low as 
50 kPa. `Compression-only' behavior was most pronounced 
for small bubbles. Emmer et al. [16] investigated the nonlin-
ear dynamics of phospholipidcoated microbubbles R0 = 
1-5 µm by increasing the applied acoustic pressure at a con-
stant frequency of 1.7 MHz. They found that a threshold 
pressure exists, for microbubbles smaller than R0 = 2 µm, for 
the onset of bubble oscillations, and that the threshold pres-
sure decreases with increasing bubble size. Bubbles with a 
radius larger than 2 µm show a linear increase in the ampli-
tude of oscillation with the applied acoustic pressure. Models 
accounting for a linear viscoelastic shell do not predict the 
`thresholding' and the `compression-only' behavior.  

Shell buckling model 

Marmottant et al. [17] developed a model that incorporates 
the viscoelastic shell and in addition accounts for buckling 
and rupture of the shell that predicts the `compression-only' 
behavior in great detail. The model is based on the behavior  

 
Figure 2. The effective surface tension as a function of the 
bubble radius (R0 =2 µm) for the model of Marmottant et al. 
[12] including an elastic regime and buckling and rupture of 
the shell. 

of a phospholipid monolayer for quasi-static compression 
[18-20]. Depending on the number of phospholipid molecules 
per unit area the gas-water interface is shielded to a different 
extent, resulting in a different effective surface tension. In a 
small range of expansion and compression the phospholipid-
shell behaves elastically as in the previous models and the 
effective surface tension is linear with the surface area of the 
bubble. In the elastic regime, compression of the bubble de-
creases the surface area and assuming a constant number of 
phospholipids thus increases the packing density and de-
creases the effective surface tension. For further compression 
the bubble reaches a critical phospholipid packing density 
where the dense phospholipid monolayer starts to buckle. 
Below the buckling radius the effective surface tension van-
ishes. On the other hand, expansion of the bubble results in a 
lower packing density. Above a critical radius for the expan-
sion, the concentration of the phospholipids at the interface is 
so low that the monolayer ruptures. If the gas is in direct 
contact with the liquid the effective surface tension reaches 
the surface tension of the water-gas interface, see Fig. 2. 

Parameter study 

Single bubbles were characterized by scanning in a system-
atic way one single control parameter. Van der Meer et al. 
[14] scanned the frequency, resulting in the resonance curve 
of the bubble. Emmer et al. [16] scanned the driving pressure 
resulting in the observation of the `thresholding' behavior. 
While the `thresholding' behavior remained unexplained until 
now, and it is well known that the resonance curve becomes 
asymmetrical with increasing acoustic pressure [21, 22], a 
better insight in the nonlinear phenomena of coated bubbles 
can possibly be gained from a full parameter study where we 
scan in a single bubble experiment both the applied acoustic 
pressure and the insonation frequency. 

EXPERIMENTAL 

BR-14 (Bracco Research, Geneva) contrast agent microbub-
bles were injected in an OptiCell chamber (Thermo Fisher 
Scientific). The chamber was positioned on top of a custom-
built water tank. The water tank contained a light fiber and an 
ultrasound transducer (PA168, Precision Acoustics). A nee-
dle hydrophone (HPM02/1, Precision Acoustic) was used to 
align the ultrasound with the focus of the imaging objective. 
A XYZ-stage controlled the OptiCell position separately 
from the watertank in order to keep the ultrasound aligned 
with the objective. For accurate control of the distance be-
tween the bubble and the wall a motorized stage (M-
110.2DG, PI) was used. 
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Figure 3. Optical response of an ultrasound contrast agent 
microbubble showing ‘compression-only’ behavior and shell 
buckling. (R0 = 3.05 µm, fdrive = 1.5 MHz, Pa = 40 kPa, re-
corded at 14.5 Mfps). 

Ultra high-speed imaging 

In our optical experiments a high-speed camera was used to 
record the radial response of single bubbles. Such a camera 
must temporally resolve the dynamics of the microbubbles 
driven at MHz frequencies. Therefore framerates of tens of 
millions of frames per second are required. The Brandaris 
128 camera [23] was specifically designed for this purpose. 
The camera uses a fast rotating mirror (at a maximum of 
20,000 rps) to sweep the image across 128 highly sensitive 
CCDs mounted in a quarter arc. At maximum speed an inter-
frame time of 40 nanoseconds is obtained, which corresponds 
to a framerate of 25 million frames/s (Mfps). Here the camera 
was operated at a framing rate near 15 million frames/s. A 
typical high-speed recording is shown in Fig. 3. 

The Brandaris camera was coupled to an optical tweezers 
setup. A dichroic mirror (CVI) reflected the infrared laser 
beam (λ = 1064 nm) into the back aperture of the objective 
(LUMPLFL100xW, Olympus). Individual bubbles were 
trapped in the low intensity region of a Laguerre-Gaussian 
beam. The imaging and trapping of the microbubble was 
performed through the same objective. The dichroic mirror 
transmitted the visible light used for imaging. Details of the 
optical tweezers setup coupled to the Brandaris camera can 
be found in Garbin et al. [24]. 

Ultrasound 

The ultrasound pulses were generated by an arbitrary wave-
form generator (Tabor Electronics Ltd, Model 8026). The 
signal was amplified (ENI, Model 350L with 50 Ω input 
impedance) and sent to the ultrasound transducer. The trans-
ducer was calibrated prior to the experiments in a separate 
water tank over a broad range of frequencies (0.75-5 MHz) 
and ultrasound pressures. The driving pressure waveform had 
a length of 10 cycles and the first and last three cycles were 
apodized with a 3-cycle Gaussian window. In the following 
we nondimensionalize the driving frequency f with the reso-
nance or Minnaert frequency of the uncoated bubble f0

uncoated; 
Ω = f/f0

uncoated. 

Microbubble spectroscopy 

The Brandaris ultra high-speed imaging facility can record 
six movies of 128 frames at up to 25 million frames/s. The 
camera was designed to also operate in a segmented mode. In 
practice the conventional single acquisition of 128 frames 
was replaced by recording two segments of 64 frames each, 
or four segments of 32 frames each. The camera houses 
memory space for six conventional acquisitions of 128 
frames, before the images are transferred to the PC. Using 
two segments, this procedure results in the recording of 12 
sets of 64 frames. Using four segments has the advantage of 
an increased frequency resolution, 24 instead of 12, but re-
duces the sampling of the movies from 64 to 32 frames. The 

segmented mode allows us to construct a resonance curve of 
the bubble in a single acquisition, in less than 1 s. The bubble 
dynamics of the very same bubble was recorded while scan-
ning the applied frequency at constant pressure in each of the 
12 movies. The procedure was then repeated for increasing 
acoustic pressures. 

Data analysis 

The images from the high-speed movies were analyzed off-
line with Matlab (The Mathworks, Natick, MA). The radius 
of the bubble as a function of time R(t) was determined from 
each image sequence through a semi-automatic minimum 
cost algorithm [14]. The radius R was normalized to the in-
itial bubble radius R0. The linear oscillation amplitude A1 was 
determined from the individual radius-time curve through 
filtering with a step function shaped high-pass filter with a 
cut-off frequency of 1 MHz. 

RESULTS AND DISCUSSION 

Resonance curves 

Fig. 4 shows the resonance curve for three values of the 
acoustic pressure Pa = 7.5, 12.5, and 25 kPa. The bubble has 
a radius R0 = 3.2 µm and is positioned 150 µm from the wall 
while the applied frequency is between 0.75 and 3 MHz. The 
experimental data (circles) are compared to the three different 
models, the uncoated bubble (blue), the coated bubble with a 
linear viscoelastic shell (black) and the coated bubble includ-
ing buckling and rupture of the shell (red). To compare the 
response at the three different acoustic pressures the ampli-
tude of oscillation A1 is normalized to the maximum simu-
lated response of an uncoated bubble (A1

norm).  

 

 

 

Figure 4. Skewing of the resonance curve of a coated micro-
bubble at low acoustic pressures (Pa = 7.5, 12.5, and 25 kPa). 
The model for the uncoated bubble (blue) and a linear elastic 
shell model (black) cannot predict skewing of the resonance 
curve at low acoustic pressures. The shell model [17] includ-
ing buckling and rupture (red) captures the skewness of the 
experimental resonance curve (circles). The bubble radius is 
3.2 µm and the shell parameters are the same for both coated 
bubble models: χ = 2.5 N/m, κs = 6 × 10−9 kg/s and σ (R0) = 
0.02 N/m. 
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Figure 5. The relative amplitude of oscillations A1 as a func-
tion of the acoustic pressure Pa and frequency Ω. Top: Ex-
perimentally measured A1 as a function of Pa and Ω for a 
bubble R0 = 3.2 µm. The frequency of maximumresponse 
ΩMR (white dots). Bottom: The frequency of maximum re-
sponse ΩMR as a function of Pa. 

For an acoustic pressure Pa = 7.5 kPa (A) the experimental 
data show a maximum response ΩMR = 2.5. The frequency of 
maximum response decreases to ΩMR = 1.7 at Pa = 12.5 kPa 
(B) and to ΩMR = 1.4 at Pa = 25 kPa (C). Besides a decrease 
in the frequency of maximum response the resonance curves 
at Pa = 12.5 and 25 kPa are strongly skewed. At low acoustic 
pressure (Pa = 7.5 kPa) the observed maximum amplitude of 
oscillation is small compared to the simulated amplitude of 
an uncoated microbubble A1

norm = 0.1. The maximum ampli-
tude of oscillation increases with increasing acoustic pres-
sure, and for Pa = 25 kPa the normalized amplitude of oscilla-
tion is A1

norm = 0.4. The comparison of the experiments with 
the models showed that the shell-buckling model accounting 
for an elastic regime, buckling and rupture of the shell (red) 
captures the decrease in the frequency of maximum response, 
the asymmetry of the resonance curves, and the relative am-
plitude of oscillation with a single set of shell parameters.  

Full parameter scan 

We present the experimentally obtained relative amplitude of 
oscillation A1 for the full acoustic pressure and frequency 
scan in an iso-contour plot in Fig. 5 (top). A total of 120 R(t)-
curves have been measured near the frequency of maximum 
response ΩMR in the acoustic pressure range Pa = 7.5 to 
25 kPa at an interval of 2.5 kPa. Fig. 6 shows the simulations 
with the shell-buckling model with the same shell parameters 
as in Fig. 5. The experimental frequency of maximum re-
sponse ΩMR obtained from Fig. 5 (top) (circles) is compared 
with simulations for the three different models in Fig. 5 (bot-
tom). ΩMR decreases by 50% for an increase of the acoustic 
pressure from Pa = 7.5 to Pa = 25 kPa. The frequency of 
maximum response ΩMR simulated with the shell-buckling 
model (red) is in excellent agreement with the experimental 
results. For comparison the frequency of maximum response 
obtained with the model for an uncoated bubble and the  

 
Figure 6. Simulations with the model including buckling and 
rupture of the shell. The white line shows the frequency of 
maximum response ΩMR. The bubble has a radius of 3.2 µm 
and the values for the shell parameters are χ = 2.5 N/m, κs = 
6 × 10−9 kg/s and σ (R0) = 0.02 N/m. 

linear viscoelastic model are shown. In the shell-buckling 
model at low acoustic pressures Pa < 2 kPa the oscillations 
are in the elastic regime and the frequency of maximum re-
sponse equals the resonance frequency of a coated bubble 
that follows from the linear viscoelastic model. Above acous-
tic pressures Pa > 2 kPa the shell starts to buckle and the 
frequency of maximum response decreases rapidly, ap-
proaching the resonance frequency of an uncoated bubble at 
Pa > 20 kPa.  

Origin of the ‘thresholding’ behavior 

A vertical scan line of Fig. 5 (top) and 6 results in the typical 
resonance curves shown in Fig. 4. A horizontal scan line on 
the other hand results in the pressure-dependent response for 
different applied frequencies. De facto this is the same ex-
periment as performed by Emmer et al. [16] with the excep-
tion that Emmer et al. varied bubble radius R0, not the fre-
quency. Such a horizontal scan-line is depicted in Fig. 7 
where the relative amplitude of oscillation A1 is shown for 
three applied frequencies Ω = 2.1, Ω = 1.5, and Ω = 1. For 
each frequency, the experimentally observed amplitude of 
oscillations (circles) increases nonlinearly with increasing 
acoustic pressure. In particular, the so-called `thresholding' 
behavior is apparent. The threshold pressure for the onset of 
oscillations depends on the frequency and is most pro-
nounced for Ω = 1.5, where the bubble shows no oscillations 
if driven below Pa = 15 kPa and abruptly starts to oscillate 
(A1 = 0.1) at Pa = 17.5 kPa. The shell-buckling model (solid 
lines) reproduces the data accurately and predicts the `thres-
holding' behavior.  

 
Figure 7. Relative amplitude of oscillation A1 as a function 
of the acoustic pressure Pa.  
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Initial state of the bubble 

The decrease of the resonance frequency with increasing 
pressure as shown in Fig. 5 (bottom) does not uniquely de-
scribe the response of all bubbles. We observe a different 
behavior for different bubbles, even for bubbles of the same 
size. Fig. 8 shows the frequency of maximum response ΩMR 
of two equally sized bubbles R0 = 2.4 µm. To allow for a 
comparison of the response of different bubbles we plot ΩMR 
as a function of A1 instead of Pa. One bubble has a frequency 
of maximum response ΩMR = 2.2 at A1 = 0.03 and shows a 
decrease in the frequency of maximum response of 40% with 
increasing A1, reaching a value of ΩMR = 1.4 at A1 = 0.12 
(triangles). The second bubble shows very different behavior, 
ΩMR = 1.4 and independent of A1 (squares).  

The experimental results are compared to calculations of the 
frequency of maximum response simulated with the shell-
buckling model. The simulations indicated that different 
values of the shell parameters χ and κs show that these pa-
rameters do not change the observed trend in ΩMR with A1. 
Therefore simulations were performed with only one single 
free parameter, the initial phospholipid concentration ex-
pressed in the effective surface tension at rest σ(R0). The 
shell elasticity χ was taken 2.5 N/m and the shell viscosity κs 
was 6 × 10-9 kg/s. Fig. 8 shows that the way the frequency of 
maximum response changes with the amplitude of oscillation 
is well captured with two extreme values of the effective 
surface tension. Simulations for a bubble initially in the elas-
tic state, σ(R0) = σw/2 (red), capture the strong decrease in 
ΩMR (triangles), while simulations for a bubble initially in the 
buckled state, σ(R0) = 0 N/m (blue), describe the observed 
constant frequency of maximum response with increasing 
oscillation amplitude (squares).  

 

Figure 8. Normalized frequency of maximumresponse ΩMR 
as a function of the relative amplitude of oscillation A1 for 
two equally sized microbubbles R0 = 2.4 µm. One of the 
bubbles shows a decrease in the frequency of maximum re-
sponse ΩMR (triangles), while the other bubble has a constant 
frequency of maximum response (squares). Simulations are 
shown with the shell-buckling model for three initial cases: 
the bubble is initially in the buckled state (blue), the ruptured 
state (green), and the elastic regime (red), see inset. The shell 
elasticity and shell viscosity are respectively, χ = 2.5 N/m, 
κs = 6 × 10−9 kg/s. 

 

 

 

CONCLUSIONS 

We investigated experimentally the influence of the phospho-
lipid coating on the dynamics of ultrasound contrast agent 
microbubbles. We recorded the radial dynamics of individual 
microbubbles with an ultra-high speed camera as a function 
of the driving pressure and frequency. We observed a strong 
nonlinear contribution of the coating on the dynamics in 
agreement with previous experimental observations. These 
include the “thresholding” behavior, ‘compression-only’ 
behavior. The phospholipid coating was found to enhance the 
nonlinear bubble response at acoustic pressures as low as 
5 kPa. For increasing acoustic pressures a decrease of the 
frequency of maximum response was observed for a distinct 
class of bubbles, leading to a pronounced skewness of the 
resonance curve, which we showed to be the origin of the 
“thresholding” behavior. For other bubbles the frequency of 
maximum response was found to lie just above the resonance 
frequency of an uncoated microbubble, and to be independent 
of the applied acoustic pressure. The shell-buckling bubble 
model by Marmottant et al., which accounts for buckling and 
rupture of the shell, captures both cases for a single value of 
the shell elasticity and shell viscosity. The difference in the 
observed nonlinear dynamics between the two sets of bubbles 
can be explained by a difference in the initial surface tension, 
which is directly related to the phospholipid concentration at 
the bubble interface. A bubble oscillating in the elastic re-
gime shows “thresholding” behavior and is specifically bene-
ficial for power modulation imaging. A bubble with an initial 
radius that equals the buckling radius shows “compression-
only” behavior. We found that a small change in the initial 
bubble radius is sufficient to change the initial surface ten-
sion, leading to a dramatic change of the observed behavior. 
As the shell-buckling model describes the dynamics of phos-
pholipid coated bubbles in great detail the model allows for 
an optimization of current pulse-echo techniques and for the 
development of new pulse-echo techniques.  
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