
Ultrasound in Med. & Biol., Vol. 37, No. 6, pp. 958–970, 2011
Copyright � 2011 World Federation for Ultrasound in Medicine & Biology

Printed in the USA. All rights reserved
0301-5629/$ - see front matter

asmedbio.2011.02.017
doi:10.1016/j.ultr
d Original Contribution

CHARACTERIZING THE SUBHARMONIC RESPONSE
OF PHOSPHOLIPID-COATED MICROBUBBLES FOR CAROTID IMAGING

TELLI FAEZ,* MARCIA EMMER,*y MARGREET DOCTER,* JEROEN SIJL,z MICHEL VERSLUIS,z

and NICO DE JONG*yz

*Biomedical Engineering Thoraxcenter, Erasmus Medical Center, Rotterdam, The Netherlands; y Interuniversity Cardiology
Institute of The Netherlands, Utrecht, The Netherlands; and zPhysics of Fluids Group, Department of Science and Technology,

University of Twente, Enschede, The Netherlands

(Received 18 December 2010; revised 22 February 2011; in final form 24 February 2011)
A
Thorax
plein 5
t.faez@
Abstract—The subharmonic vibration of BR14 (Bracco Research S.A., Geneva, Switzerland) contrast agent mi-
crobubbles is investigated within the preferable frequency range for carotid ultrasound imaging (8–12 MHz). The
response of the bubbles was recorded optically with an ultra-fast recording camera (Brandaris 128) at three
acoustic pressures (50, 100 and 120 kPa). The vibration of themicrobubbles wasmeasured as a function of the exci-
tation frequency and its frequency content was determined. Among 390 recordings, 40% showed subharmonic
oscillations. It was observed that for smaller microbubbles (diameter, 3 mm) the frequency of the maximum sub-
harmonic response increases for increasing pressures (shell hardening) opposite to what has been reported for
larger microbubbles (3 mm , diameter , 15 mm). These findings are well predicted by the model proposed by
Marmottant et al. (2005) after including the dilatational shell viscosity of the microbubbles measured
by Van der Meer et al. (2007), which indicates a marked shear-thinning behavior of the phospholipid shell.
(E-mail: t.faez@erasmusmc.nl) � 2011 World Federation for Ultrasound in Medicine & Biology.
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INTRODUCTION

Clinical background
Atherosclerosis, a chronic, inflammatory disease involving
the development of atherosclerotic lesions in the major
arteries of the vasculature, is the uppermost underlying
cause of cardiovascular disease (Yach et al. 2004) and
a major cause of stroke (Golledge et al. 2000). Cardiac
events and stroke are often causedbyatherosclerotic plaque
rupture. Plaques prone to rupture are called ‘‘vulnerable’’
(Virmani et al. 2000; Schaar et al. 2004). It has been
shown that vasa vasorum plays an important role in
atherosclerotic plaque pathogenesis and stability (Zamir
et al. 1985; Barger et al. 1984). Vasa vasorum consists of
a branching network of microvessels feeding the artery
wall with nutrients and oxygen (Ritman et al. 2007; G€ossl
et al. 2003). Proliferation of the vasa vasorum into the
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plaque is suspected to lead to plaque growth and internal
hemorrhage (Mause et al. 2009; Sluimer et al. 2009).

Ultrasound is an established tool to measure carotid
atherosclerosis for the diagnosis andmonitoring of patients
at risk of stroke (Eliasziw et al. 1995; Baldassarre et al.
2000). The carotid artery is a relatively superficial artery
that is easily accessible for ultrasound imaging. Recent
advances in contrast-enhanced ultrasound have shown
that this technique can characterize the carotid vasa vaso-
rum and intra-plaque angiogenesis and, thus, it is poten-
tially a new diagnostic tool to detect plaque vulnerability
(Feinstein 2006; Shah et al. 2007; Vicenzini et al. 2007;
Coli et al. 2008; Staub et al. 2009; Xiong et al. 2009;
Shalhoub et al. 2010).

Contrast-enhanced ultrasound utilizes an ultrasound
contrast agent containing gas-filled microbubbles. Due to
their high compressibility, the microbubbles have a very
high echogenicity in comparison with surrounding tissue
(expressed as the contrast to tissue ratio, CTR). In the
early days, only the linear vibration of the bubbles was
utilized. The CTR can be further improved by exploiting
the nonlinear properties of the contrast bubbles e.g., in
harmonic imaging: pulse inversion (Burns et al. 2000)
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and power modulation (Brock-Fisher et al. 1996).
However, for the transmit pressures used in these methods
(mechanical index (MI): 0.2–1.3), the CTR is lowered as
a result of nonlinear propagation of the ultrasound wave
through the tissue, which causes the tissue scattered
signal to also contain energy at the second harmonic.
Propagating ultrasound waves, however, do not contain
energy at the subharmonic frequency, which revives
a strong interest in subharmonic emissions (backscattered
energy at half the transmit frequency) from contrast
agents (Shi et al. 1999; Frinking et al. 2001; Chomas
et al. 2002). Subharmonic imaging has potentially
a larger CTR compared with other imaging methods
(Shankar et al. 1998). In recent studies, the subharmonic
response of Definity (Lantheus Medical Imaging, North
Billerica, MA, USA) has been used to detect microvascu-
larity in mice using an ultrasound biomicroscopy (UBM)
system (Goertz et al. 2005) and in rabbit aortas using an
intravascular ultrasound scanning system (IVUS) (Goertz
et al. 2007; Needles et al. 2010).

Physical background
Several experimental (de Santis et al. 1967;

Neppiras 1969) and theoretical (Eller 1969; Prosperetti
1975; Lauterborn 1976) studies have been performed to
investigate and to describe the subharmonic resonance
of bubbles. This nonlinear effect originates from
a parametric instability in the equations describing the
bubble dynamics (Plesset 1949). Prosperetti (1974)
showed analytically that subharmonic oscillations occur
for the amplitude of acoustic pressure above a certain
threshold value. This threshold value was found to be
minimal when the bubble oscillates at a frequency of
twice its resonance frequency. It was also shown that
damping increases the threshold pressure for the occur-
rence of subharmonic for free gas bubbles (Eller 1969;
Prosperetti 1974, 1977).

Ultrasound contrast bubbles are coated to prolong
their in vivo lifetime. The coating not only prevents a quick
dissolution of the bubble gas but also has an increased shell
viscous damping effect on the bubble oscillations in an
ultrasound field. Since the viscoelastic shell of contrast
agent microbubbles is known to increase the damping
considerably (de Jong 1993; Van der Meer et al. 2007), it
is expected that the subharmonic threshold pressure
increases. This hypothesis was supported by Shankar
et al. (1999). In that study, a purely viscoelastic shell model
(de Jong et al. 1993; Church 1995; Hoff et al. 2000) was
used to analyze the subharmonic behavior of coated
bubbles. They confirmed the increase of the threshold
pressure for the generation of the subharmonic by an
increased damping. However, experimental studies on
both albumin-coated (Optison, GE Healthcare, Chalfont
St Giles, UK, and Albunex, Molecular Biosystems, San
Diego, CA, USA) and phospholipid-coated (SonoVue,
Bracco, Milan, Italy) contrast agents have shown that the
threshold pressure to generate a subharmonic echo is lower
thanwhat was found for the uncoated bubbles (Chang et al.
1995; Lotsberg et al. 1996; Shankar et al. 1998, 1999;
Krishna et al. 1999; Biagi et al. 2007; Frinking et al. 2010).

Recently, Frinking et al. (2009) and Sijl et al. (2010)
have shown that the coating of lipid bubbles decreases the
subharmonic threshold pressure. During buckling of the
lipid coated shell, the bubbles show a highly nonlinear
behavior at low acoustic pressures, such as asymmetric
oscillation amplitudes whereby the compression ampli-
tude outweighs expansion. This type of behavior is called
‘‘compression-only’’ behavior (de Jong et al. 2007).
Marmottant et al. (2005) explained that this behavior is
caused by a variable surface tension of lipid coated
bubbles. Sijl et al. (2010) show that the initiation of
subharmonic in phospholipid-coated microbubbles at
lower threshold pressure can be explained with the
Marmottant et al. (2005) model. They employ a weak
nonlinear analysis of the Rayleigh-Plesset equation and,
instead of using a pure elastic model, they describe the
shell elasticity of coated bubble as an effective surface
tension that varies strongly with the amplitude of oscilla-
tion, as proposed by Marmottant et al. (2005). Sijl et al.
showed that this mechanism is responsible for the gener-
ation of subharmonic oscillations at low acoustic pres-
sures. They report subharmonic threshold values down
to 5 kPa for individual lipid-coated BR14 bubbles at
driving frequencies between 1 and 4 MHz.

At present, studies on microbubbles subharmonic
response have been performed at frequencies relevant
for precordial imaging (1–4 MHz). However, the
preferred ultrasound frequency for carotid imaging is
between 5 and 15 MHz, involving microbubbles that
are substantially smaller and may have different behavior.
It is, however, unclear at what driving frequency the sub-
harmonic response is maximal and how the response
changes with varying driving pressure. The aim of this
study is to investigate the dependence of the subharmonic
response of a phospholipid-coated microbubble to the
acoustic pressures applied at frequencies near 10 MHz.

For uncoated bubbles, it is well known that the
fundamental resonance curve becomes asymmetrical
and that the frequency of maximum response decreases
with increasing acoustic pressure (Prosperetti 1975;
Lauterborn 1976). Van der Meer et al. (2007) studied
experimentally the fundamental resonance curve of
phospholipid-coated microbubbles at constant acoustic
pressure of 40 kPa and found an increase of the resonance
frequency with respect to uncoated bubbles as a result of
increased stiffness of the system. Later, Overvelde et al.
(2010) investigated the fundamental resonance curves
of the same microbubbles as a function of the acoustic
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pressure. They observed a decrease in the resonance
frequency of the microbubbles by increasing the ampli-
tude of the acoustic pressure. Their results were in good
agreement with the predictions of the Marmottant et al.
model (2005). Yet, it is not known if the subharmonic
response of a microbubble follows the same trend as its
fundamental response. Furthermore, the radial depen-
dence of shell viscosity characterized by Van der Meer
et al. (2007) from the linearized bubble dynamics equa-
tions has not been implemented as of this time in the
full context of the Marmottant et al. (2005) model (see
for example Overvelde et al. 2010; Sijl et al. 2010).

In the present study, we investigate the subharmonic
response of a microbubble around 10 MHz as a function
of the acoustic pressure both numerically and experimen-
tally. The influence of shell properties, effective surface
tension and shell viscosity reported by Van der Meer et al.
(2007), on the subharmonic response of phospholipid-
coatedmicrobubbles is determined in the simulations based
on the Marmottant et al. (2005) model. The subharmonic
responses of single bubbles are recorded optically using
an ultra-high speed camera system. We apply microbubble
spectroscopy as described by Van der Meer et al. (2007) by
recording the subharmonic response of the bubbles at
driving frequencies ranging from 4 to 7 MHz and from 8
to 12 MHz with a frequency step of 200 kHz leading to
its subharmonic resonance curve. Bubble responses are
measured at acoustic pressures of 50, 100, and 120 kPa.
The experimental results are compared with bubble
dynamics simulations based on the model of Marmottant
et al. (2005).
THEORYAND MODELLING

Numerical model
To investigate the influence of the acoustic pressure

and the driving frequency on the fundamental and subhar-
monic response of coated bubbles, we simulate the bubble
dynamics with the model ofMarmottant et al. (2005). The
models describing the dynamics of coated microbubbles
are an extension of the so-called Rayleigh-Plesset equa-
tion for free gas bubbles (Plesset and Prosperetti 1977)
with the inclusion of shell viscosity and shell elasticity.
The difference between this equation and that of a free
gas bubble equation is the radius dependency of the effec-
tive surface tension and an additional dissipative term rep-
resenting the viscosity of the shell. TheMarmottantmodel
has been shown to accurately simulate highly nonlinear
behavior such as compression-only behavior and subhar-
monic oscillations, which is observed for individual
bubbles using high-speed imaging (De Jong et al. 2007;
Sijl et al. 2010).
The Rayleigh-Plesset-type equation used here is the
following (Keller and Miksis 1980; Marmottant et al.
2005):
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where R0 and R are the initial and time-dependent radius
of the bubble, r is the liquid density, m is the dynamic
viscosity of the liquid, c the speed of sound and k the pol-
ytropic exponent of the gas inside the bubble. P0 and P(t)
are the ambient and driving pressures, respectively. ks is
the surface viscosity of the shell, which in the original
equation is assumed to be independent of the initial bubble
radius and s(R) is the effective surface tension. Three
regimes are considered for a bubble shell in this model:
buckled, elastic and ruptured. s(R) is defined as follows:
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c represents the shell elasticity. When the bubble is
smaller than a defined buckling radius (Rb), the surface
tension is zero and the elastic term vanishes. This state
is called the buckled regime. The bubble is in the ruptured
regime when its radius exceeds a certain radius (Rr)
where the coating of the bubble breaks up and the gas
inside the bubble is in direct contact with the surrounding
liquid. In this case, the surface tension equals the surface
tension of water (sw) and the elastic term is again zero.
Between these two regimes, the shell coating is consid-
ered a purely elastic material.

From thismodel,we derive the resonance frequency of
a coated microbubble. We assume small oscillation ampli-
tudes and approximate the effective surface tension in the
viscoelastic regime to its first-order Taylor expansion:
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Combining eqn (3) with the linearization of eqn (1)
yields the resonance frequency of a bubble with a linear
viscoelastic shell:
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For c 5 0 and s(R0) 5 sw, fres represents the reso-
nance frequency of an uncoated bubble, also known as
the Minnaert frequency fM (Minnaert 1933), including
surface tension.



Fig. 1. Fundamental (left panel) and subharmonic (right panel) resonance curves of a 2 mm diameter coated bubble (a)
and (b), and a 4 mm diameter coated bubble (c) and (d) vs. acoustic pressure amplitudes of 1–120 kPa. The normalized
frequency (U) is defined as the driving frequency divided by the Minnaert frequency (Minnaert 1993) of an uncoated

bubble. Shell parameters: s(R0) 5 0, c 5 2.50 N/m and ks(R0) taken from Van der Meer et al. (2007).
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We used theMarmottant et al. (2005) model to simu-
late the fundamental and subharmonic responses of
bubbles of different size (2 and 4 mm diameter), for
increasing acoustic pressures (1–120 kPa). The pressure
signal used in these simulations was a burst of 25 cycles
tapered with a Gaussian envelope at the first and last two
cycles.

To get subharmonic oscillations, a rapid change in
the elasticity is required. In the elastic regime, the elas-
ticity does not change or at least not very rapidly. Among
the other two possible regimes, it has been observed (Sijl
et al. 2010) that a bubble in the buckled state shows the
highest amplitude of subharmonic response. Therefore,
in the simulations, we choose the buckled state as the
initial state of the bubble at its equilibrium position,
R 5 R0, i.e., the initial surface tension is negligible and
s(R0)5 0. s(R0) reveals immediately the bubble’s initial
state, therefore, we deriveRb from s(R0) via the following
equation:

Rb 5R0=
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c
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instead of taking Rb as a constant as was done by
Marmottant et al. (2005) (see also Overvelde et al. 2010).
The other shell parameters were set as c 5 2.50 N/m
(Overvelde et al. 2010) and ks(R0) was considered
dependent on the initial bubble radius using the measure-
ments done by Van der Meer et al. (2007). The fun-
damental and subharmonic oscillation amplitudes of the
bubbles were determined using the squared Fourier
transform (FT) of the normalized radial excursion of the
bubble.
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The results were plotted vs. the normalized
frequency, U, which is defined as the driving frequency
divided by the Minnaert frequency, fM, (Minnaert, 1933)
of an uncoated bubble. This leads to the fundamental
and subharmonic resonance curves of the bubble.
Simulation results
Figure 1 shows the fundamental and subharmonic

resonance curves of a 2 mm [(a) and (b)] and a 4 mm
[(c) and (d)] diameter coated bubble as a function of the
acoustic pressure (1–120 kPa). It can be seen that the
coated bubble with 2 mm diameter indicates an over
damped system in which no local maximum exists in



Fig. 2. Frequency of maximum response at the fundamental
(driving) frequency (dashed lines) and the frequency of
maximum response at the subharmonic frequency (solid lines)
of different bubble sizes vs. applied acoustic pressures. Shell

parameters: s(R0) 5 0 N/m, c 5 2.50 N/m, ks(R0).

Fig. 3. Schematic view of the set up.
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the radial oscillation amplitudes at the fundamental
response of the bubble (Fig. 1a). Whereas for a 4 mm
diameter bubble (Fig. 1c), the maximum fundamental
response occurs when U is 1.30. For the subharmonic
resonance curves, it is indicated that the maximum sub-
harmonic amplitude for a coated bubble (Fig. 1b and d)
occurs when U is around 3 whereas for an uncoated
bubble it is expected to occur when U is equal to 2
(Eller et al. 1969).

To better compare the fundamental and subharmonic
‘‘resonance frequencies’’ of the bubbles at various
acoustic pressures, the frequency of maximum response
was plotted as a function of the acoustic pressure in
Figure 2 for three bubble sizes (2, 4 and 6 mm diameter).
As before, the shell parameters were: s(R0)5 0, c5 2.50
N/m and ks(R0).

As explained before in Figure 1a, the 2 mm diameter
bubble indicates no local maximum in the fundamental
response due to overdamping. However, the peak of the
subharmonic resonance curve slightly shifts toward
higher frequencies from 4.10 MHz at 1 kPa to 4.50
MHz at 120 kPa. For the other two bubbles, the funda-
mental and subharmonic responses follow a different
trend with increasing acoustic pressure. The fundamental
resonance frequency of the 4 mmbubble tends to decrease
with increasing pressure while the subharmonic response
behaves just the opposite. On the other hand, the funda-
mental and subharmonic resonance frequencies of the
6 mm diameter bubble seem to follow a different trend:
a lower resonance frequency at higher acoustic pressure;
the fundamental resonance frequency decreases almost
21% from 1.40 MHz to 1.10 MHz by increasing the pres-
sure from 1 kPa to 120 kPa. The same happens for the
subharmonic response, with the difference that the reso-
nance frequency falls off less evidently (4%). This
behavior is in agreement with the numerical and experi-
mental results of Overvelde et al. (2010) for the resonance
curves of a 6 mm diameter bubble derived from the
oscillation amplitudes at the fundamental frequency.
EXPERIMENTS

Experimental set up
Figure 3 shows the schematic view of the set up.

Highly diluted BR14 microbubbles (Bracco Research
S.A., Geneva, Switzerland) were injected with a syringe
inside a 200 mm diameter acoustically transparent cellu-
lose capillary fiber with an 8 mm wall thickness (Product
No. 132294; Spectrum Europe, Breda, The Netherlands)
kept in a small water tank filled with Isoton II (Beckman
Coulter, Woerden, The Netherlands). The capillary was
located at the focal point of the transducer. A wide band
transducer (V311; 3-13 MHz, Panametrics, Aarselaar,
Belgium, or PA076; 1-9 MHz, Precision Acoustics, Dor-
chester, UK) was used for transmit. The transducer was
connected to a power amplifier (150A100B; Amplifier
Research, Limerick, Ireland), which amplified the wave
generated by an arbitrary wave generator (8026; Tabor
Electronics Ltd., Tel Hanan, Israel). Bursts of a 25-cycle
sinusoidal wave, tapered with a Gaussian envelope at the
first and last two cycles were transmitted. For the majority
of small bubbles (diameter,3 mm), transmitted frequen-
cies between 8–11MHz with a frequency step of 200 kHz
were chosen. Most of the larger bubbles were insonified
in the frequency range of 4–7 MHz with frequency steps
of 200 kHz. The pressure at focus for each experiment
was changed from 50 kPa to 100 kPa and finally
120 kPa. These pressure values were calibrated using
a 0.2 mm PVDF probe hydrophone (Precision Acoustics
Ltd., Dorchester, UK). The relatively low pressures used
ensured no changes in the bubble size after insonification.

The region-of-interest was illuminated with an
optical light guide (SCHOTT AG, Mainz, Germany)



Fig. 4. Twenty-eight frames from the recording of a 4.60 mmbubble insonified at transmitting frequency of 4.20MHz and
acoustic pressure of 100 kPa.
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connected to a Xenon flash lamp (A-260, Vision Light
Tech, Uden, The Netherlands). An Olympus microscope
with a 360 water-immersed objective (NA 5 0.9) was
focused on the bubbles inside the capillary. The total
magnification of the system was further increased
to 3240 by using an additional 2 3 2 magnification
lens inside the microscope. The radial response of the in-
sonified bubble was recorded with an ultra-fast recording
camera, the Brandaris 128, (Chin et al. 2003) at a frame
rate of 20 million frames per second. The camera was
set to record 49 movies of 128 frames in a single run.
The first recording was always done without ultrasound
to have an estimate of the resting radius of the bubbles
and of the noise level of the system. In the subsequent
movies, the frequency was swept in 16 steps in ascending
order to cover the required frequency range at acoustic
pressure of 50 kPa, followed by 16 frequency steps at
100 kPa and finally 16 frequency steps at 120 kPa. As
an example, we display 28 frames from the recording of
a 4.6 mm bubble insonified at transmitting frequency of
4.20 MHz and acoustic pressure of 100 kPa (Fig. 4).
The frames show clearly the buckling of the shell during
oscillations in this bubble. Each recording was stored in
the computer for further analysis. From each individual
movie, the diameter of the microbubble as a function of
time (DT-curve) was measured using custom-designed
image analysis software (Van der Meer et al. 2007). An
edge detection algorithm based on a minimum-cost anal-
ysis (MCA) was used to trace the circumference of the
bubbles. At the first frame, a circle is defined around
the bubble. The center point of this contour is used to re-
sample the bubbles and its direct surrounding using the
gray-scale slope along the radial direction as the cost
function. The algorithm finds the optimal path along the
contour indicating the boundary of the bubble area. We
define the diameter of the bubble as the diameter of
a circle with an area equal to the detected boundary.
This procedure is repeated for all the frames and, at the
end, the diameter of the bubble is plotted vs. time
producing a DT-curve. The Discrete Fourier transform
of DT-curves was then calculated that gives the maximum
amplitude of radial excursion at resonance of the bubble.

The ideal case would be to measure both the funda-
mental and subharmonic resonance curves of a bubble in
a single experiment. For that purpose, one should sweep
the driving frequency in a wide range going at least from
half to three times the fundamental resonance frequency.
At high frequencies applied here, there are, however, two
unavoidable limiting factors: first, the bandwidth of the
transmitting and receiving transducers mentioned above
and, second, the sampling frequency of the ultra-high
speed camera (21 MHz), which has to be at least twice
the maximum driving frequency to avoid aliasing. There-
fore, for each single bubble, we are here practically bound
to measure either the fundamental or the subharmonic
resonance curve.
RESULTS

The responses of 390 individual single bubbles were
recorded and analyzed. Thirty bubbles in the frequency
range of 4–7 MHz and 360 in the range of 8–12 MHz.

As a typical example, we display six DT-curves (out
of the set of 16) of a 4.40 mm diameter bubble in Figure 5.
The transmit frequency in these selected graphs increases
from 4.40 MHz to 6.40 MHz The amplitude of the
acoustic pressure was 50 kPa. The FFT of the first
recording from each bubble, which was done without



Fig. 5. Selected DT-curves (left panel) and corresponding power spectra (right panel) of a bubble with a diameter of
4.40 mm. Driving frequencies range between 4 to 7 MHz. The applied acoustic pressure is 50 kPa. The sampling time
is 0.05 ms. The selection has been done between 4.40 MHz and 6.40 MHz with frequency step of 400 kHz. The gray

area in the power spectra indicates the noise floor.
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ultrasound, was used as the estimate of the noise level
(gray area in Fig. 5). The corresponding power spectra
show a peak at the fundamental driving frequency and at
the subharmonic frequency (half the driving frequency).
In this example, at a driving frequency of 5.20 MHz,
the amplitude of subharmonic reaches a maximum at
2.70 MHz.

To study the dependence of the subharmonic ampli-
tude as a function of the transmitted frequency, the ampli-
tude of excursion at the subharmonic frequency was
extracted from the DT-curves for all the recordings and
plotted vs. frequency. The subharmonic resonance
frequency was derived for each bubble by fitting the
subharmonic resonance curves with a functional form dis-
playing a single absolute maximum.We use for simplicity
a Lorentzian function as follows (Leighton 1994):

Reðf Þ5 Re0�
12f 2=f 20

	2
1ðdf=f0Þ2

(7)

where f0, d and Re0 are the fitting parameters.
Fig. 6. Size distribution of investigated bubbles (blue bars) and
those showing subharmonic response (red bars).
The occurrence of the subharmonic
Figure 6 shows the size distribution of the recorded

bubbles together with the size distribution of the bubbles
showing subharmonic response. The median bubble
diameter was 2.40 mm and the diameter ranged from 1
to 7 mm. Among the 30 measurements performed at
frequency range between 4 and 7 MHz, one third showed
a subharmonic response. For the rest of the bubbles which
were insonified at 8–12 MHz, 40% indicated subhar-
monic oscillations. Although these bubbles had a diam-
eter between 1.50 and 4.50 mm and the recorded bubble
sizes are not equally distributed over the whole range,
there are no indications that the amounts of bubbles that



Fig. 7. The subharmonic amplitude as a function of the subharmonic frequency for (a) 4.40 mm and (b) 2.47 mm bubble at
driving amplitude pressures of 50, 100 and 120 kPa. The fit on the experimental data was done using the Lorentzian func-

tion defined in eqn (7). Data on the abscissa have an uncertainty of 60.1 MHz.
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show a subharmonic response are related to the bubble
resting diameter.
The influence of the acoustic pressure on the
subharmonic

Figure 7 shows the subharmonic resonance curves of
two bubbles with a diameter of 4.40 mm and 2.47 mm in-
sonified at a frequency of 4–7 MHz and 8–11 MHz,
respectively. The first bubble (Fig. 7a) has a subharmonic
resonance frequency of 2.70 MHz at 50 kPa, which
decreases to 2.15 MHz at 120 kPa. The amplitude at the
subharmonic resonance frequency increases for higher
pressures. The smaller bubble (Fig. 7b) shows its
maximum amplitude at the subharmonic resonance
frequency of 4.70 MHz. The subharmonic frequency
shifts to 5.10 MHz for higher pressures. In this case, the
Fig. 8. Measured subharmonic resonance frequencies vs. diam
binning over 100 nm. Theoretical resonance frequencies obtain

c 5 0 (dash-d
amplitude at the subharmonic resonance frequency first
increases and then decreases. In general for relatively
large bubbles investigated in the experiments (diameter
. 3 mm), the subharmonic resonance frequency decreases
with increasing driving pressure amplitude while it
increases for smaller bubbles (diameter ,3 mm).
The influence of the bubble size on the subharmonic
Figure 8 shows the subharmonic resonance

frequency of the bubbles vs. their diameter. Binning
was performed over 100 nm. The bubble diameter varied
between 1.40 mm and 4.40 mm. In the left panel, the
results are plotted for an acoustic pressure of 50 kPa
and, in the left panel. for 100 kPa.

For comparison, the fundamental resonance
frequencies of an uncoated bubble (dash dotted line)
eter for two applied pressure of 50 kPa and 100 kPa after
ed with eqn (4) for s(R0)5 sw, c 5 0.54 (dash line) and
ot line).



Fig. 9. Subharmonic resonance frequency vs. diameter of BR14
microbubbles. Dashed line is the fundamental resonance
frequency predicted by the linearized viscoelastic model
for c 5 0.54 N/m and the dash-dotted line corresponds to

c 5 0 N/m.

Fig. 10. Amplitude of subharmonic vs. the surface tension at
rest of a 2.40 mm diameter bubble. The value of s(R0) in the
x-axis is normalized by sw. The amplitude of subharmonic
in the y-axis is normalized by the amplitude of subharmonic

at s(R0) 5 0.
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and a linear viscoelastic bubble (dashed line) were also
calculated using eqn (4). The effective value for shell
elasticity c 5 0.54 N/m is the value determined by Van
der Meer et al. (2007) using eqn (4).

Our data set contains predominantly smaller bubbles
as shown in Figure 6. To cover a larger range of micro-
bubble size, we added 93 measurements that were per-
formed at larger bubble range at acoustic pressure level
of 100 kPa and described by Sijl et al. (2010). Figure 9
shows now the subharmonic resonance frequency for all
the bubbles together with the predictions of the visco-
elastic model. It can be concluded that the viscoelastic
model matches very well with the experimental values
of a bubble diameter larger than 5 mm but the prediction
clearly fails for smaller bubbles.
DISCUSSION

The subharmonic behavior of a lipid coated contrast
agent was investigated in the favored frequency range for
carotid imaging (4–12 MHz). Forty percent of the
investigated BR14 bubbles showed subharmonic oscilla-
tions (Fig. 6) and all of them vibrated with asymmetrical
amplitude and by that showing the so called compression-
only behavior. The fact that at low acoustic pressures the
lipid coating induces highly nonlinear behavior, e.g.,
compression-only, has been observed before (de Jong
et al. 2007) and is also well described by Marmottant
et al. (2005) model. It is likely that the reason for the
absence of the subharmonics in the remainder 60% of
studied bubbles is due to the difference in the concentra-
tion of the shell lipids. This difference in the framework
of the Marmottant model corresponds to having different
values of the surface tension at rest for bubbles of the
same size. The value of s(R0) fixes also the value of the
so called buckling radius Rb, i.e., the radius below which
the phospholipid elastic coating does not exert any
tensional effect. The case s(R0)5 0 in particular implies
Rb 5 R0, meaning compressive bubble oscillations
(compression-only) are strongly favored in this case since
the surface tension is totally absent for R , R0 5 Rb;
while it increases quadratically with R for R . R0 [see
eqn (2)]. As it has been shown in the study by Sijl et al.
(2010), a compression-only behavior is associated with
the presence of subharmonic resonances even at very
low (5 kPa) driving pressures. When instead s(R0) . 0,
one has Rb , R0. In this case, buckling conditions are
reached at higher driving pressures and, therefore, sub-
harmonic resonance occurs less.

This hypothesis is also supported by our numerical
simulations in which we have derived the amplitude of
subharmonic as a function of s(R0). Figure 10 displays
the dependence of the subharmonic amplitude on the
surface tension of a 2.40 mm diameter bubble. The value
of s(R0) is varied from 0 to sw and normalized by the
surface tension of water. The amplitude of resonance
is normalized by the amplitude of subharmonic at
s(R0) 5 0. The other shell parameters are kept the same
as the previous simulations (Fig. 2). This result is also in
very good agreement with the parametric study conducted
by Sijl et al. (2010) for a 7.60 mm diameter bubble at
driving pressure amplitude and frequency of 40 kPa and
2.40MHz. The highest subharmonic response is observed
when the surface tension of a coated bubble at rest is zero.
A slight increase in the value of s(R0) results in a dramatic
decrease in the subharmonic amplitude in which at
s(R0) 5 0.04 N/m no subharmonic response is detected.
The output of these simulations all together shows the
sensitivity of bubble dynamics to shell parameters. A little
change in the resting surface tension results in
a completely different behavior for the bubbles even
with the same size (see also Frinking et al. 2010).



Fig. 12. comparison between linearized Rayleigh- Plesset (Lin)
[eqn (4)] at two values of shell elasticity (0 and 2.50 N/m) and
s(R0) 5 0, the modified Rayleigh- Plesset (R-P)[eqn (1)] and
the experimental measurements at acoustic pressure amplitude

of 100 kPa.

Fig. 11. Subharmonic resonance frequency ratio of 120 kPa and
50 kPa acoustic pressures vs. bubble diameter derived from
experiment (circles) and simulation (squares). The filled area

indicates the level of uncertainty in the simulations.
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Second, we observed a size dependent behavior for
the subharmonic resonance frequency of microbubbles
with the increase of acoustic pressure. Extracting the
resonance curves of bubbles with subharmonic spectros-
copy vs. applied acoustic pressure specifies two different
regimes; bigger bubbles (.3 mm diameter) showed
a decrease in the subharmonic resonance frequency for
increasing the pressure; whereas for smaller bubbles
(#3 mm diameter), the subharmonic resonance frequency
increases for increasing the pressure (Fig. 6). This
phenomenon has not been observed for the fundamental
resonance frequency. Overvelde et al. (2010) showed
that the fundamental resonance frequency decreases for
increasing acoustic pressure for all bubble sizes. This is
confirmed by the simulations using theMarmottant model
as shown in Figure 2.

The subharmonic resonance and its dependency on
the acoustic pressure, however, is also predicted correctly
by the Marmottant model as shown in Figure 11 using as
shell parameters: s(R0) 5 0, c 5 2.50 N/m and ks(R0)
adopted from Van der Meer et al. (2007). In the same
figure, we also plot the ratio of the subharmonic reso-
nance frequencies at 50 kPa and at 120 kPa vs. bubble
diameter as derived from the measurements. The graph
shows up to 10% increase in the resonance frequency of
bubbles smaller than 3 mm in diameter by increasing
the pressure from 50 kPa to 120 kPa. For larger bubbles,
less experimental data are available. Nevertheless, oppo-
site to what was explained before, the subharmonic
frequency ratio decreases. This is qualitatively supported
also by numerical simulations.

The explained behavior for small bubbles (#3 mm
diameter) is a phenomenon known as shell (strain) hard-
ening in contrast to bigger bubbles (.3 mm diameter),
which show shell softening for the acoustic pressure
increase. Shell (strain) softening is a rheologic effect,
which indicates the decrease in the shell elasticity of
a material as the deformation strength increases
(Doinikov et al. 2009). The comparison between these
two regimes once again asserts the choice of zero surface
tension at rest for the small bubbles.

We also compared the results of the experiments
with the predictions of the linearized viscoelastic model
using the value for shell elasticity (c 5 0.54 N/m) re-
ported by Van der Meer et al. (2007). This value was
found with the assumption of a linearized viscoelastic
model on the fundamental resonance frequency of
bubbles. Using this value delivered disappointing results
for small bubbles although it has a good agreement for
bigger bubbles (Fig. 9).

One important feature neglected in the derivation of
the linearized viscoelastic model is the dynamic surface
tension [eqn (2)], which varies for different bubble sizes.
Another size-dependent shell parameter is the shell
viscosity. Van der Meer et al. (2007) have shown that ks
decreases for increasing dilatation rate, corresponding to
a shear-thinning behavior. Pseudoplastic or shear-thinning
fluids have a lower apparent viscosity at higher shear rates,
and are usually solutions of large, polymeric molecules in
a solvent with smaller molecules (Schowalter 1978;
Macosko 1994). It is generally supposed that the large
molecular chains tumble at random and affect large
volumes of fluid under low shear but they gradually align
themselves in the direction of increasing shear and
produce less resistance. By taking all these points into
consideration, inserting the shell parameters: s(R0) 5 0,
c 5 2.50 N/m and ks(R0) as derived by Van der Meer
et al. into the Marmottant et al. model presents an
excellent agreement with the experiment as shown in
Figure 12.

Finally, it was shown that the frequency of the sub-
harmonic response of coated bubbles is not locked to the
frequency of the fundamental resonance; instead, their
respective ratio depends on the applied acoustic pressure
(Fig. 2). Therefore, it is not accurate to assume that the



Fig. 13. Response of a 4 mm diameter bubble to a pressure pulse with the amplitude of 120 kPa at the transmitting
frequency of 4.40 MHz. The length of the burst (from left to the right) has increased from five cycles to 10 and 25, respec-

tively. DT-curves are shown in the upper panels and the lower panels present the corresponding power spectra.
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highest value of subharmonic amplitude occurs always at
the double frequency of the fundamental resonance
frequency of a microbubble. Depending on the size and
shell parameters, this factor can vary from one bubble
to the other. For example, the 4 mm diameter bubble re-
ported in Figure 2, has the subharmonic resonance
frequency of 2.10 MHz at 1 kPa. This means that the
transmitting frequency in which the subharmonic reso-
nance frequency was derived was 4.20 MHz. The ratio
between this value and the fundamental resonance
frequency of the bubble at the same pressure (which is
also reported in the same figure as 2.40 MHz) is 1.70.
The same calculation at 120 kPa gives a ratio equal to
2.40. Therefore, for a 4 mmdiameter bubblewith a resting
surface tension of zero, this factor varies between 1.70
and 2.40 at different acoustic pressures.

As already mentioned at the end of the ‘‘Experi-
mental set up’’ section, at present, the simultaneous
comparison of the fundamental and subharmonic
responses of a bubble is not experimentally feasible.
Therefore, we had to limit the analysis to the comparison
of the experimental results with the outcomes of the simu-
lations. This highlights the importance of a predictive
model explaining the behavior typical for bubble sizes
,3 mm and careful choice of shell parameters.

The results derived from this study provide the basic
knowledge for using the subharmonic response of ultra-
sound contrast agents in carotid imaging. For clinical
applications, normal pulse lengths shorter than the 25-
cycle bursts applied in our experiments are used. Never-
theless, we show in the following (Fig. 13) that the
same can be achieved by implementing a shorter pulse,
which is more relevant for clinical scanners. The results
of numerical simulations, presented in Figure 13, show
the response of a 4 mm diameter bubble to the pressure
pulse described previously (see numerical model section)
with the amplitude of 120 kPa at the insonifying
frequency of 4.40 MHz. The length of the burst has
increased from five cycles to 10 and 25, respectively.
As can be seen in the figures, the subharmonic energy
is already present in the first cycles and its level compared
with the fundamental response remains equal.

Furthermore, to adapt the existing clinical scanners
for subharmonic carotid imaging, it is crucial to charac-
terize the subharmonic oscillation of contrast agent mi-
crobubbles also acoustically, which is what a scanner
would actually measure. An acoustical study on the sub-
harmonic response of these microbubbles, complemen-
tary to the optical study presented here, will be reported
in a forthcoming article.
CONCLUSION

For the frequencies between 4 and 12 MHz, 40% of
the bubbles exhibited a subharmonic response. These
bubbles had a diameter between 1 and 4 mm. The subhar-
monic resonance frequency for bubbles smaller than
3 mm is not the same as the fundamental resonance
frequency. Furthermore, the subharmonic resonance
frequency of this bubble size increased up to 10% with
increasing acoustic pressure from 50 to 120 kPa. This
observation indicates a shell hardening effect, just the
opposite of what was observed for the fundamental
response.

The proper choice of shell parameters: s(R0) 5 0,
c 5 2.50 N/m and ks(R0) presenting shear thinning
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resulted in an excellent agreement between the Marmot-
tant model and the experimental data.
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