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Abstract—A linear relationship between the relative expansion of an off-resonance ultrasound contrast micro-
bubble and low acoustic pressures is expected. In this study, high-speed optical recordings of individual
phospholipid-coated microbubbles were used to investigate this relationship for microbubbles ranging from 2 to
11 pm and for acoustic pressures ranging from 20 to 250 kPa at a driving frequency of 1.7 MHz. For
microbubbles larger than 5 um, the relative expansion (AD/D,) increased linearly with applied acoustic pressure,
starting at the origin. The response of smaller microbubbles (<5 um) also increased linearly with the applied
acoustic pressure. However, linearity started at an acoustic pressure threshold value of 30 to 120 kPa for the
different individual microbubbles. Below these pressure values, little or no oscillation was observed. The results
may be explained by size-dependent mechanical properties of the phospholipid shells. An imaging technique such
as power modulation imaging could profit from the presence of an acoustic pressure threshold in the microbubble
response. (E-mail: m.emmer @erasmusmec.nl) © 2007 World Federation for Ultrasound in Medicine & Biology.
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vations.

INTRODUCTION

Ultrasound (US) contrast agents consist of small (1 to 10
um in diameter) encapsulated gas-filled microbubbles. In
an ultrasound field, microbubbles oscillate due to the
compressibility of their gas core. This oscillating behav-
ior is the primary source of the high scattering strength of
these agents, which makes them well suited to provide
contrast enhancement in diagnostic US imaging.
Models like the RPNNP equation (Leighton 1994)
are well established for gas microbubbles. However,
although a number of models have been developed for
encapsulated microbubbles, their ability to predict acous-
tic behavior has been shown to be valid only under
limited circumstances. Further, the shell parameters re-
quired as input for these models have generally been
achieved with bulk acoustic property measurements. In
Gorce et al. (2000), for example, the shell is character-
ized by two parameters, the stiffness and the viscosity,
using attenuation and scattering measurements from sus-
pensions of microbubbles. As a result, such measure-
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ments may not be valid for predicting the behavior of
each individual microbubble with its specific size and
thickness, composition and packing of the phospholipid
layer. Optical measurements also have been used to
estimate shell properties, but under high amplitude
(acoustic peak negative pressure >100 kPa) transmit
conditions (Morgan et al. 2000).

Contemporary contrast imaging methods are based
on exploiting differences between tissue echoes and the
unique acoustical signatures of microbubbles (de Jong et
al. 2002). For hard-shelled microbubbles, the principle of
gas-release detection is used. The destruction mechanism
of a hard-shelled polymer/albumin microbubble filled
with nitrogen gas has been revealed by high-speed opti-
cal recordings (Bouakaz et al. 2005). When the applied
acoustic pressure is higher than the threshold, the gas
escapes from the shell and forms free gas bubbles. These
gas bubbles produce distinct echo signals, which can be
used to detect the contrast agent (Bouakaz et al. 2005;
Frinking et al. 2001; Sboros et al. 2002).

Other microbubble imaging methods are typically
used for soft-shelled contrast agents, which are more
compliant than hard-shelled contrast agents. Soft-shelled
microbubbles also fragment at high acoustic pressures
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(Chomas et al. 2001; Postema et al. 2004), but, unlike
hard-shelled microbubbles, they are already strong US
scatterers at lower acoustic pressures. Multipulse detec-
tion methods at low mechanical index (Deng and Lizzi
2002; Eckersley et al. 2005) use the difference between
the signatures of tissue and these microbubbles by pref-
erentially detecting the nonlinear microbubble echoes
and by canceling the background tissue signals.

Although encapsulated microbubbles are believed
to respond differently under different driving-pressure
amplitudes, few studies have been performed to study the
pressure-dependence of their response in detail. Studies
on the acoustic response have demonstrated that the
pressure amplitude of the first harmonic is proportional
to the incident peak pressure, whereas the second har-
monic and third harmonic amplitudes are shown to be
proportional to the square and cube of the incident peak
pressure, respectively (Church 1995; Shi et al. 1999).
Furthermore, the attenuation by encapsulated micro-
bubbles in US propagation appeared to be dependent on
the acoustic pressure (Chen et al. 2002; Tang et al. 2005).
Optical studies have found that maximal bubble expan-
sion increases for larger microbubbles (Postema et al.
2003).

In this study, we investigated the onset of phospho-
lipid-coated microbubble vibration. For encapsulated mi-
crobubbles, the well-known Blake model does not apply
(Leighton 1994). It is generally believed that in the small
oscillation amplitude limit, an encapsulated microbubble
behaves as a forced linear oscillator. This hypothesis
implies that any input acoustic pressure on a resting
microbubble results in a vibration, which increases pro-
portional to an increasing acoustic pressure; however,
this effect has never been investigated. High-speed op-
tical recordings of individual microbubbles for specific
resting microbubble sizes revealed a nonlinear relation-
ship between radial excursion and low acoustic driving
pressure. In this study, the results were compared with
the outcome of theoretical descriptions and discussed in
detail.

MATERIALS AND METHODS

Theory

The onset of microbubble vibration was investi-
gated using the model by Church (1995) for encapsulated
microbubbles. The model concerns air microbubbles en-
closed in a solid, incompressible viscoelastic shell,
which is described by a shear modulus G and a shear
viscosity umg. It is assumed that the shell reduces the
surface tension both at the shell-liquid and the shell-gas
interfaces. As a result, the surface tension can be ne-
glected. The shells of the investigated microbubbles con-
sist of a lipid monolayer, which has a thickness of
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approximately 3 nm (Kim et al. 2003). We therefore
assume a thin shell (Hoff et al. 2000), which results in the
following equation of motion:
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where R is the microbubble radius, p; is the density of
the surrounding liquid (i.e., water), R, is the radius at
equilibrium, p, is the hydrostatic liquid pressure outside
the microbubble, P, (1) is the acoustic pressure, Ay, is
the shell thickness, and the dots denote differentiation
with respect to time. For the shell parameters, Gg 60 MPa
and for g 1.2 Ns/m? were taken, values compatible with
those estimated experimentally for SonoVue™ in Gorce
et al. (2000). Solving Equation 1 results in the radius or
diameter of the microbubble as a function of time as a
response on the applied acoustic pressure.

To study the microbubble excursion as a function of
acoustic pressure, the diameter-time curves (D-T curves)
of an encapsulated microbubble 3.0 wm in diameter were
calculated. For comparison, the diameter-time curves of
a 3.0 um free gas microbubble also were calculated
using the RPNNP equation (Leighton 1994). Bursts of 50
cycles with a peak pressure ranging from 0.1 to 100 kPa
were applied at a center frequency of 1.7 MHz. After the
transient response, D, — Dy (AD) normalized to the
resting diameter (D,) was determined as a function of the
applied driving pressure P, (t).

The equations of motion are highly nonlinear, as
one would expect from a system where expansion cannot
be symmetric with compression except at low driving
pressures. Therefore AD was chosen to express micro-
bubble excursion instead of D,,,. or D, To compare
the linearity of the D-T curves between theoretical pre-
dictions and experimental results, the same parameters
used in the previous calculation were applied to calculate
the responses of 1- to 9 wm in diameter encapsulated
microbubbles on 50 cycle-bursts with a frequency of 1.7
MHz and a peak pressure of 220 kPa. From the resulting
D-T curves, the ratio between microbubble expansion E
and compression C was determined, which was ex-
pressed by E/C = I(D,,,,. — Do)/(D.,,;, — Dy)l.
Experiment

The experimental phospholipid-coated contrast
agent used was BR14 (Bracco Research SA, Geneva,
Switzerland). The microbubbles were injected into a
cellulose Cuprophan® capillary tube (Akzo Nobel Faser
AG, Germany) 160 wm in inner diameter and 200 pm in
outer diameter, which is smaller than the acoustic wave-
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length. Hydrophone measurements were performed to
verify its acoustic transparency.

The capillary tube was placed in a water tank in the
focal area of the transducer at 7.5 cm. The water tank was
positioned under a customized BXFM microscope
(Olympus Nederland B.V., Zoeterwoude, The Nether-
lands) with 2X U-CA magnification and a LUMPlanFl
100X water immersion objective lens (Olympus). No
reflections from the objective were observed. Under the
capillary tube, an optic fiber (Olympus) was mounted
and was connected with the illumination source, which
was an MVS-7010 Fiber Optic Strobe (PerkinElmer Op-
toelectronics, Salem, MA, USA). Images of individual
microbubbles were recorded with the Brandaris 128 fast-
framing camera system (Chin et al. 2003).

A v397-SU 2.25-MHz single element transducer
(Panametrics Inc., Waltham, MA, USA) was mounted in
the water tank at an angle of 45° relative to the top of the
tank. Its aperture was 35 mm and the beam —6 dB in
diameter at focus was 5 mm. The transducer was con-
nected to an arbitrary waveform generator (Tabor Elec-
tronics Ltd., Tel Hanan, Israel) and a 60 dB linear power
amplifier (AR Worldwide, Souderton, PA, USA). The
amplitude was adjusted with two variable attenuators
(Agilent Technologies, Inc., Palo Alto, CA, USA).

The pressure values were calibrated using a 0.2-mm
PVDF needle hydrophone (Precision Acoustics Ltd.,
Dorchester, UK). For the transducer, previous studies
have verified that the acoustic pressure was constant over
a 200 pwm distance in both axial and transversal direc-
tions, which corresponded to the capillary tube diameter
(Bouakaz et al. 2005).

Individual microbubbles were recorded in 12 se-
quences of 64 image frames at a speed of 13 million
frames per second, corresponding to 12 X 5 us optical
scanning duration. The time between the sequences was
50 ms. In each sequence, a single microbubble was
insonified with a gated six-cycle-sine wave burst at 1.7
MHz center frequency, giving a US exposure time of 3.5
ps. The remaining 1.5 ws was used to record the micro-
bubbles before US exposure, so that the resting micro-
bubble size could be determined. The peak negative
pressure was increased in subsequent sequences from 20
to 250 kPa. In a second experiment, we insonified single
microbubbles with a Gaussian apodised burst with
FWHM duration of 3.0 us, a peak pressure of 250 kPa
and a center frequency of 1.7 MHz.

Single microbubbles that were in the focus of the
microscope (Postema et al. 2003) were selected. The
diameters of the individual microbubbles were measured
in each image frame with a semiautomatic procedure
using a minimal cost algorithm in custom software, writ-
ten in a Matlab environment (Mathworks Inc, Natick,
MA, USA) resulting in the microbubble diameter re-

sponse as a function of time. To increase the accuracy of
the determination of the minima and maxima, the D-T
data were interpolated at 20 times the original frame rate
and filtered with a lowpass finite impulse response (FIR)
filter. As a measure of the microbubble response, the
difference between the maximum diameter and the min-
imum diameter, D,,,. — D,,;,, (AD) normalized to the
resting diameter (D,), was taken.

The relationship between AD/D, and the acoustic
driving pressure, P,.(t), was investigated. For this pur-
pose, the linearity of the AD/D, vs. P, curves was
established by fitting least-squares trend lines through
the linear portions of AD/D,, vs. P, and determining the
intercepts with the pressure axis. The significance of the
linear regression was investigated by calculating the
square of the correlation coefficient, R?, between the
acoustic pressure and AD/D, and determining the hy-
pothesis that the slope of the trend line is zero. Only AD
larger than the resolution limit of our system and re-
sponses smaller than 30% of the initial size, AD/D, <
0.3, were used, because then it was assumed that the
response was linear. The trend lines were based on at
least three sample points.

To compare the experimentally obtained D-T curves
with the outcome of the simulations and from the mea-
sured D-T responses, the E/C values were determined at
an acoustic driving pressure of 220 kPa. The application
of a Gaussian apodised burst was used to illustrate the
shape of the D-T curve at the onset of microbubble
oscillation.

Chin et al. (2003) have shown that at 120X mag-
nification, the Brandaris 128 high-speed camera system
resolves lines with 0.4 wm spacing. For this study, the
stochastic error in the microbubble diameter measure-
ments had to be established, because it determines the
resolution limit of microbubble vibration. The stochastic
error depends on a combination of the point-spread func-
tion of the optical system including the CCD grid, the
CCD electronics and the minimum-cost algorithm used
to measure the stochastic error. For our system, the
stochastic error was established by determining the max-
imum diameter variation, AD, for each microbubble in
the first sequence of image frames (i.e., when no US was
applied). Subsequently, the maximum AD for the whole
population was determined, and this value was used as
the resolution limit of microbubble vibration.

RESULTS

Theory

Both the free gas microbubble and the encapsulated
microbubble 3.0 um in diameter were driven at 1.7 MHz.
This is below resonance for both cases, because the
linear resonance diameter for a free gas microbubble is
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Fig. 1. Simulations of the responses of a 3.0 wm gas micro-
bubble (solid line) and an encapsulated microbubble (dashed
line) on different US driving pressures.

3.7 pm in diameter and an encapsulated microbubble is
6.2 um in diameter. At low driving pressures, Fig. 1
shows that for both the free and the encapsulated micro-
bubble, the amplitudes of oscillation increase linearly
with the applied acoustic pressure. Figure 1 also makes
clear that this linear relationship starts at the origin.
The numerical solutions gave highly nonlinear free
microbubble oscillation motions above 50 kPa. For
higher pressures, AD was demonstrated to not be a good
measure of free microbubble oscillation. Also, for the
encapsulated microbubble, acoustic pressures above 100
kPa resulted in a nonlinear response. As an example, Fig.
2a shows the D-T curve of an encapsulated microbubble
3.0 wm in diameter at a driving pressure of 220 kPa. The
expansion amplitude (D,,, — Dy = 1.0 um) is higher
than the compression amplitude (D, — D,;, = 0.56 um),
resulting in an E/C value of 1.8. Figure 2b shows the E/C
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values of encapsulated microbubbles ranging from 1 to 9
pm in diameter. The E/C values vary with microbubble
size from 1.1 to 2.3, which shows that the expansion
phases dominated the compression phases.

Experiment

To investigate the onset of microbubble oscillation,
the results of 48 single microbubbles were analyzed. The
smallest microbubble was 1.3 wm in diameter and the
largest microbubble was 10.6 wm in diameter. The ma-
jority of the microbubbles (73%) was smaller than 4.0
um in diameter.

First, the resolution limit of microbubble vibration
was determined. For all measurements, the diameter
variation when no US was applied was in the range of 66
to 150 nm with a mean of 100 nm and a standard
deviation of 23 nm. One pixel in the image frame is 100
nm, and so the variation is approximately one pixel. The
worst case (diameter variation of 150 nm) was taken as
the resolution limit of microbubble vibration.

Figure 3a shows image frames of a 4.2 um-diameter
microbubble, which was insonified with an acoustic pres-
sure of 250 kPa. The resulting D-T curve is shown in
Fig. 3b. In the first 13 frames, the microbubble is at rest.
Starting at frame 14, the microbubble is first compressed,
and then reaches its maximum and minimum diameter of
5.4 and 2.6 um, respectively, within six cycles.

The D-T curves for the complete range of applied
acoustic pressures are shown in Fig. 4, which also in-
cludes the responses of three additional microbubbles of
different sizes. The D-T curves demonstrate a relation-
ship between resting diameter and the response. Larger
microbubbles expand and compress more than smaller
microbubbles, as was demonstrated in previous studies
(Postema et al. 2003).

We noticed that the acoustic pressure at which the
first microbubble vibration could be observed, decreased
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Fig. 2. (a) Simulated diameter-time response of a 3.0 wm encapsulated microbubble. (b) E/C values as a function of
microbubble resting diameter of simulated encapsulated microbubble responses (x’s) and measured encapsulated

microbubble responses (dots), with E/C = (D,

max D())/(Dmin - D())I'
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Fig. 3. (a) Sequence of 64 image frames of a 4.2 wm diameter microbubble, driven by a 6-cycle—US burst with a peak
negative pressure of 250 kPa. (b) Diameter-time response.

with resting diameter. Furthermore, it was interesting to
compare the responses of the two largest microbubbles.
The maximal difference between maximal and minimal
diameter (AD) for the microbubble 7.0 wm in diameter
was 2.6 um, which results in AD/D,, =~ 0.4. This is less
than AD/D,, =~ 0.7 for the microbubble 4.2 um in diam-
eter. However, the first oscillations of the 7.0 wm micro-
bubble were observed when the driving pressure was at
its lowest value of 20 kPa, which differed from the
observed response of the smaller microbubble. In that
case, oscillations were not detected until the driving
pressure was increased to 60 kPa. Although the micro-

10
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60 80 100130 160 1905220;2505

Diameter [um]
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Fig. 4. Diameter-time responses of four microbubbles with a

resting diameter of 1.3, 2.4, 4.2 and 7.0 wm. Vertical grid lines

separate the sequences, and the applied driving pressure is

indicated.

bubble 4.2 um in diameter showed a stronger response,
a higher acoustic driving pressure was needed to initiate
oscillations.

The microbubble excursion (AD/D,) as a function
of the driving pressure P,.(?) was investigated for the
complete data set of 48 microbubbles (Fig. 5). The
microbubbles were categorized according to their resting
diameters. Two microbubbles with diameters of 1.3 and
2.0 wm had no detectable oscillations. The responses
showed a relationship between microbubble excursion
and the applied acoustic driving pressure. In most cases,
a higher acoustic pressure resulted in an increased ex-
cursion. For some microbubble sizes, however, this did
not hold for the lowest applied acoustic pressures. For
microbubbles smaller than 5 wm in diameter, the AD/D,,
vs. P,. curves did not start to rise at the origin, but at
higher acoustic pressures.

The AD/D, vs. P, curves of 38 microbubbles an-
swered to the conditions posed for trend line fitting.
Eleven lines were based on three measurements of
AD/D, vs. P, 14 were based on four measurements and
13 on more than four measurements. The average of the
R? values of these trend lines was 0.98 with a standard
deviation of 0.025. Testing the significance of the trend
line slopes resulted in an average p-value of 0.03 with a
standard deviation of 0.05; 80% of these p-values was
lower than 0.025.

From these trend lines the pressure axis intercepts
were determined (Fig. 6). Microbubbles ranging from 2.0
to 4.0 wm had a pressure axis intercept between 30 and
120 kPa. Microbubbles larger than 5.0 wm had a pressure
axis intercept approximating 0 kPa, ranging from —7 kPa
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Fig. 5. Microbubble excursions as a function of acoustic pressure. The responses of the different microbubbles have been
categorized according to their sizes, as indicated.

to 7 kPa. In addition, the linearity of the D-T curves was
measured at an acoustic pressure of 220 kPa. Figure 2b
shows that the E/C values of the measurements were
between 0.4 and 1.25.

The onset of microbubble vibration was illustrated
by the application of a Gaussian apodised burst. The D-T
curves of three microbubbles that were 1.5, 2.1 and 7.7
um in diameter, respectively, are shown in Fig. 7. After
a transient time of approximately one cycle, the 7.7-um
microbubble responded with a phase shift of approxi-

fee
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Fig. 6. The intercepts with the pressure axis of the linear part of
the microbubble responses as a function of resting diameter.

mately half a cycle, which indicated that it was excited
above resonance. The smaller microbubbles responded in
phase with the applied US field, but they required a
higher acoustic driving pressure before their oscillations
became apparent, an observation consistent with the ob-
servations demonstrated in Figs. 4 and 5. The shape of
these D-T curves also was notable. The response of the

0o 1 2 3 4 5 6 7
Time [us]

Fig. 7. D-T curves of microbubbles with a resting diameter of

1.5 wm, 2.1 um and 7.7 wm. The horizontal grid lines represent

I wm. The dashed line (US burst) shows the applied Gaussian
apodised US burst with a peak pressure of 250 kPa.
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7.7-pm microbubble had a nearly symmetrical shape:
expansion approximates compression (E/C = 0.8). The
microbubble that was 2.1 wm in diameter had an E/C of
0.7. However, the D-T curve of the 1.5-um in diameter
microbubble was highly nonlinear. Approximately six
frames cover the expansion phase of the microbubble,
and only three frames cover the compression phase of the
microbubble. At a frame rate of 13 million frames per
second, the expansion phase was 0.46 us, and the com-
pression phase was 0.23 us. In less time, the negative
amplitude (D, — D,,;,) was maximal 0.3 wm and the
positive amplitude (D,,,, — D,) was maximal 0.15 pm,
which resulted in an E/C value of 0.5. This microbubble
was more compressed than expanded. Furthermore, the
shape of the compression phase was much sharper than is
generally expected in sinusoidal responses.

Discussion and conclusions

The theory predicted, for both a free and encapsu-
lated microbubble that were 3.0 wm in diameter, a linear
response for acoustic pressures below 50 and 100 kPa,
respectively (Fig. 1). However, measured responses of
microbubbles that were 3.0 wm in diameter showed
clearly different behaviors (Fig. 5). The acoustic pressure
needed to increase above a threshold value before the
microbubble responses increased linearly with the ap-
plied acoustic pressure. Trend lines were fitted through
the linear portions of the AD/D,, vs. P, curves. Although
statistics on these trend lines was limited by the low
number of available sample points for each fit, we con-
cluded that the lines could be used to determine the
pressure axis intercepts and so obtain estimations of the
threshold values of the onset of linear oscillation as a
function of acoustic pressure. From Figs. 5 and 6, it
appears that microbubbles with a resting diameter
smaller than 5 wm show threshold behavior, and larger
microbubbles do not show this behavior.

Because the observation of the microbubble re-
sponse was limited by the system resolution of 150 nm,
it is not known if the microbubbles oscillated at acoustic
pressures below the acoustic pressure threshold. Further-
more, microbubbles larger than 5 um may also have an
acoustic pressure threshold lower than 20 kPa, but this
was not investigated. We did notice that the threshold
values did not show a clear relationship with resting
diameter, which might be due to differences in compo-
sition of the encapsulated microbubbles, and, in some
cases, to the low number of sample points. However, in
contrast to theoretical predictions, we have demonstrated
(for encapsulated microbubbles smaller than 5 wm) that,
at the onset of microbubble vibration, the response as a
function of acoustic pressure was nonlinear and that an
acoustic pressure threshold indicated the transition into

p(t)

Fig. 8. In a simplified perception of microbubble expansion, the

microbubble is a globe with two hemispheres that need to

separate at the equator. The acoustic pressure p(t) acts on the

cross-section of the microbubble 7R?, as the tensile strength o
acts on the shell area 27Rh.

responses, which increased proportionally to the acoustic
pressure applied.

In addition to the observed threshold behavior, we
found a second indication that current models do not
fully describe encapsulated microbubble behavior—the
difference in the shape of the microbubble response
itself. Figure 2b illustrates that, at an acoustic pressure of
220 kPa, measured E/C values differed greatly from
predicted values. When simulations predicted dominant
expansion (E/C > 1), measured values showed more
compression up to symmetrical shapes (E/C > 1).

The pressure threshold for microbubble oscillation
is a new observation, and the precise mechanism is not
currently known. One explanation is that a force thresh-
old must be overcome before substantial oscillations can
occur. For simplicity, it has been assumed that micro-
bubble oscillation contains an expansion phase. The mi-
crobubble is considered to be a sphere comprised of two
hemispheres that need to separate at the equator (see Fig.
8). We then assume that the microbubble can only ex-
pand in the negative phase of insonation when the shell
breaks along the interface between the two hemispheres.
The force required to overcome the tensile strength (o)
of the phospholipid shell is o - 27R - h. The force made
available by the insonating field to overcome this force is
p(t) - mR?. Therefore, an estimate of the acoustic pressure
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Table 1. Shape of the D-T curve at the onset of microbubble vibration, classified as E/C = 0.5 (“compression-
only”) or E/C > 0.5 (“symmetrical”).

Microbubble size (wm) 1-1.9 2-2.9 3-3.9 4-4.9 5-59 6-6.9 >7
Compression only, n (%) 2 (100) 10 (59) 3(25) 0(0) 0(0) 0(0) 0(0)
Total observed, n 2 17 12 2 6 4 3

required to split the two hemispheres is p
= o2mwRWmR* = 20MWR. From this relation, it appears
that the acoustic pressure threshold is inversely propor-
tional to the microbubble radius, and so relatively more
force is necessary for the vibration of small micro-
bubbles.

The value of the tensile strength of the phospholipid
monolayer is not known. We therefore assume a value of 10
MPa, which is the tensile strength of polyethylene (Naka-
mura et al. 2005). For a microbubble of 1.0 wm in diameter
and a shell thickness of 3 nm, we found that the acoustic
pressure threshold p(?) for the onset of microbubble vibra-
tion is 60 kPa. This is in the same order of magnitude as the
experimentally obtained threshold values.

In reality, it is unlikely that the microbubble cracks
into two perfect hemispheres, as it is unlikely that the
coatings are completely homogeneous. Borden et al.
(2004) have found that microbubbles may form domains
that are in the condensed phase separated by boundaries,
which are in the expanded phase. The size and distribu-
tion of the domains depend on the types of lipids used
and the processing conditions and influence microstruc-
ture and mechanical properties of the microbubbles (Kim
et al. 2003). Also shrinkage may lead to differences
between the mechanical properties of shells. Any finite
interfacial tension leads to a Laplace pressure that drives
gas out of the microbubble even in saturated solution
(Duncan and Needham 2004). As the gas leaves, com-
pression of the monolayer shell leads to tight packing of
the condensed phase (Kim et al. 2003). As a consequence
of the described influences, smaller microbubbles may
have a higher tensile strength than larger microbubbles,
which increases their acoustic pressure threshold for the
onset of microbubble vibration.

Another indication for the influence of the phospho-
lipid packing on microbubble behavior is the observation
of asymmetric diameter response curves, which has ear-
lier been described as ‘“compression-only” behavior
(Marmottant et al. 2005) and is defined as E/C < 0.5 (de
Jong et al. 2007). The high Van der Waals forces in the
tightly packed monolayer inhibit both expansion and
compression of the microbubble. However, when the
pressure is increased enough, the monolayer can fracture
and break, lose material or buckle and fold (Lipp et al.
1998). In the latter case, the microbubble is more easily
compressed, which explains the dominant negative radial

excursions. We observed “compression-only” behavior
in the responses obtained after applying the Gaussian
apodised burst (Fig. 7), but it was also noticed when the
US bursts with constant amplitude were used (Fig. 2b).
Figure 2b demonstrates that “compression-only” behav-
ior, like threshold behavior, may be related to resting
microbubble size. Moreover, it was especially noticed at
the onset of microbubble vibration. In addition, the D-T
curve shapes were determined during the first micro-
bubble vibrations that were observed. The E/C values
were classified as E/C = 0.5 (“compression-only”) or
E/C > 0.5 (“symmetrical”) (Table 1). Table 1 also shows
that “compression-only” behavior may be dependent on
size; only microbubbles smaller than 4 um showed this
typical asymmetric radial shape, whereas microbubbles
larger than 4 um started oscillating in a (more) symmet-
rical form.

Another influence on microbubble behavior may be
the capillary tube in which the microbubbles were in-
serted. Buoyancy drives the microbubbles toward the
tube wall. Previous studies have shown, for example, a
constrained microbubble activity in a tube 12 um in
diameter (Caskey et al. 2005), and asymmetric oscilla-
tions of a targeted microbubble (Zhao et al. 2005). The
influence of the presence of a rigid wall on the onset of
microbubble vibration, however, has yet to be estab-
lished.

The presence of an acoustic pressure threshold will
have implications for the acoustic microbubble re-
sponses. For a linear system, the attenuation by the
microbubbles in US propagation is independent of the
insonifying acoustic pressure. However, previous studies
(Tang et al. 2005) have shown a linear relationship
between the attenuation of phospholipid microbubbles
and the insonating acoustic pressure for acoustic pres-
sures down to 20 kPa. The presence of an acoustic
pressure threshold may explain these results. Below this
threshold, only the largest microbubbles oscillate signif-
icantly and contribute to the attenuation. As the acoustic
pressure is increased, the smaller microbubbles also will
contribute and increase the attenuation.

The results of our study reveal the complex nature
of the onset of phospholipid contrast agent vibration. For
microbubbles smaller than 5 wm in diameter, the acous-
tic pressure needed to increase above 30 to 120 kPa
before their responses increased linearly with the applied
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acoustic pressure. Possible explanations are size-depen-
dent mechanical properties of the phospholipid shells.
More research will lead to a better understanding of
microbubble oscillation, which could be exploited to
enhance the contrast between tissue and microbubbles in
imaging techniques. A technique such as power modu-
lation imaging (Deng and Lizzi 2002) could especially
profit from the presence of such a pressure offset in the
microbubble response. However, further research is
needed to fully use these specific characteristics of mi-
crobubble behavior.
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