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This work combines modeling and experiment to assess encapsulated microbubble oscillations
associated with broadband pressure peaks detected after microbubble excitation �postexcitation
signals�. Data were acquired from albumin-shelled and phospholipid-shelled microbubbles using a
passive cavitation detector consisting of a confocally aligned 2.8-MHz transmitter and 13-MHz
receiver. Microbubbles in weak solutions were insonified with a 5-cycle pulse at a peak rarefactional
pressure of 2.0�0.2 MPa. For each microbubble type, at least 100 received signals were identified
as individual-microbubble responses. The average broadband noise from signals with postexcitation
response was 4.2–7.2 dB higher than from signals without postexcitation. Pressure-time responses
for each microbubble type were simulated using the model by Marmottant et al. �J. Acoust. Soc.
Am. 118, 3499–3505 �2005��, with insonification conditions matching the experiment. Increased
broadband noise predicted for microbubbles with postexcitation response was consistent with that
observed experimentally �4.0–8.9 dB�. The model predicted that postexcitation signals occur only
when the radial oscillation exceeds both the shell break-up threshold and twice the initial radius
�free bubble inertial cavitation threshold�. © 2010 Acoustical Society of America.
�DOI: 10.1121/1.3277216�

PACS number�s�: 43.80.Vj, 43.35.Ei, 43.35.Yb, 43.60.Bf �CCC� Pages: 1156–1164
I. INTRODUCTION

Ultrasound contrast agents are microbubbles consisting
of a gas core encapsulated in a shell that can be composed of
lipids, albumin, or polymer. Commercially available agents
typically contain polydisperse size distributions with a mean
radius near the resonant size for diagnostic imaging
��2–4 �m�. Useful signal at diagnostic imaging frequen-
cies is generally attributed to microbubbles greater than
1 �m in diameter.1

Novel therapeutic techniques have been put into place
that take advantage of ultrasound’s unique interaction with
contrast microbubbles. For example, removal of blood clots2

and acoustic activation of drug-laden microbubbles3,4 have
been demonstrated using high power destruction of mi-
crobubbles. Blood brain barrier disruption has been activated
acoustically after injection of contrast agents by applying 10

ms, 260 kHz pulse trains with 0.29–0.57 MPa peak rarefac-
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tional pressure amplitude �PRPA�.5 It is widely thought that
the inertial cavitation of contrast microbubbles plays a major
role in producing therapeutic effects. For example, ultra-
sound exposure �1–10 cycles at 1 MHz, 0.48–1.32 MPa�
with Levovist microbubbles was found to increase sonopo-
ration of DNA into cultured cells, and the effect increased as
a function of increasing inertial cavitation dose.6 It has been
shown that using high-intensity focused ultrasound expo-
sures �1.8 MPa at 1.1 MHz�, bubble-enhanced heating in
biological media can be obtained.7 Measurements of the in-
ertial cavitation and modeling of the microbubble response
attributed the heating to absorption of broadband emissions
produced by microbubble inertial cavitation.7

Inertial cavitation occurs when a microbubble’s collapse
is dominated by the surrounding medium’s inertia.8 Passive
cavitation detection �PCD� is widely applied in research to
detect and obtain an indication of the level of inertial cavi-

tation. Detection of inertial cavitation is sometimes based on
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features of the voltage-time signal such as increases in the
rms or peak voltages.9 Many other PCD-based studies have
applied criteria based on increased voltage levels or broad-
band power to characterize inertial cavitation
thresholds.6,10,11 Although, the specific harmonic content of
PCD-received signals and their modification when inertial
cavitation occurs has remained largely unexplored, it has
been demonstrated that subharmonic, second, and third har-
monic peaks may also be modified near inertial cavitation
thresholds.5,12

An important feature of free bubble collapse has been
exploited in lithotripsy to evaluate inertial cavitation thresh-
olds. It has been demonstrated13 that when a shock wave
arrives on a cavitation nuclei, a very rapid phase of compres-
sion is followed by a phase of much slower gas-body expan-
sion. After reaching some maximum radial expansion, the
bubble compresses again violently. This implosion can occur
well after the original excitation wave has passed and gives
rise to a broadband pressure peak �postexcitation signal�.

The postexcitation signal from encapsulated contrast mi-
crobubbles has received little attention. Destruction of con-
trast agent microbubbles has previously been observed in
vitro using high temporal and spatial resolution microscopy
of bubble-wall movement during insonation. For example,
using this approach, Chomas et al.14 observed destruction of
lipid-shelled microbubbles at 5 MHz �1.5 cycle pulse�. Vio-
lent fragmentation of bubbles was observed in more than
55% of the bubbles at an incident PRPA of 2.6 MPa. Optical
observation showed that microbubble destruction created
smaller free bubbles. Such bubbles could be nuclei for
postexcitation inertial collapse. In other works, postexcita-
tion signals can be seen in voltage-time responses from rup-
tured contrast microbubbles acquired with a PCD system, but
no comment on these signals is made by the authors.15 In
previous work, we utilized PCD to evaluate isolated Optison
microbubbles.16 Postexcitation signals were observed in the
voltage-time response when incident PRPA exceeded a
threshold value. A link between postexcitation signals and
encapsulated microbubble shell rupture was demonstrated
using the model presented by Morgan et al.17 by setting the
shell elasticity and viscosity terms to zero, once an Optison
microbubble �equilibrium radius of 2 �m� exceeded 3 �m
in radius. Once shell parameters were thus removed, the
bubble radius underwent large oscillations �radial expansion
to more than 5 �m� with repeated cycles of inertial collapse
that continued even after the driving pulse ceased to act on
the microbubble. Postexcitation signals were thus shown to
occur for an encapsulated ultrasound contrast microbubbles
when inertial cavitation was associated with microbubble
break-up. Modeling in previous work, however, was limited
to a unique example at an arbitrarily selected break-up radius
and did not examine the dependence of postexcitation emis-
sion occurrence on the initial microbubble radius or on the
extent of the microbubble oscillation. The broadband noise
level specifically associated with the postexcitation response
was not evaluated in the previous work, and only albumin-
shelled Optison microbubbles were considered.

This work combines modeling and experiment to probe

whether postexcitation signals predictably occur when en-
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capsulated contrast agent microbubble shells break up, and to
determine how much additional broadband noise is associ-
ated with microbubbles exhibiting postexcitation signals.
Two lipid-shelled microbubbles are considered in addition to
the albumin-shelled agent studied in previous work.

Pressure-time and spectral responses were modeled in
this work using the model by Marmottant et al.,18 which
specifically describes conditions for shell break-up and re-
sulting surface tension modifications. This model applies
even to large amplitude oscillations. Modeling was per-
formed for Definity, Sonovue, and Optison microbubbles
with a 2.8 MHz, 5-cycle incident pulse at 2.0 MPa PRPA.
The incident pulse used in the model was measured with a
hydrophone at the focal position of the transmit transducer to
consider nonlinear propagation effects. For each radius-time
simulation, radial expansion was related to the microbubble
break-up radius, and to occurrence of postexcitation signals
on the associated pressure-time simulation.

PCD signals from dilute solutions of Optison, Definity,
and Sonovue microbubbles were acquired at a PRPA of
2.0�0.2 MPa �measure mean and uncertainty�. At this
PRPA, the majority of microbubbles should rupture.14 This
provided PCD data with sufficient signal to noise ratio for
detection of both microbubbles with postexcitation signals
and weaker responses from microbubbles without postexci-
tation signals. Comparison of modeled spectra with the ex-
perimental spectra allowed interpretation of broadband noise
increase with postexcitation signals in terms of the underly-
ing microbubble response.

II. MATERIALS AND METHODS

A. Microbubbles

Three contrast agent microbubbles were used: Optison
�Amersham Health, Milwaukee, WI�, Sonovue �Bracco Di-
agnostics, Inc., Geneva, Switzerland�, and Definity �Bristol-
Myers Squibb Medical Imaging Inc., New York�. Both Op-
tison and Definity have an octofluoropropane C3F8 gas core,
whereas Sonovue has a sulfurhexafluoride SF6 core. Opti-
son’s shell is made of human serum albumin and
N-acetyltryptophan caprylic acid. Sonovue and Definity have
shells based on different phospholipids.19

B. Theoretical modeling of microbubble oscillation

The model proposed by Marmottant et al.18 to describe
behavior of lipid coated microbubbles was used. It was de-
rived to describe even large amplitude oscillations and spe-
cifically to describe surface tension modifications arising
during expansion and at shell break-up. This model considers
that the shell of the bubble buckles for bubble radii R
�Rbuckling and initially breaks up for R�Rbreak-up. This

model leads to the dynamic equation
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where �l is the density of the surrounding liquid, P0 is the
ambient pressure, � is the polytropic gas exponent, c is the
speed of sound in the liquid, � is the liquid viscosity, and �s

is the shell surface viscosity. The acoustic pressure as a func-
tion of time t, Pac�t�, was measured with a calibrated hydro-
phone in the configuration used in the PCD experiments de-
scribed in Sec. II C. This experimentally determined Pac�t�
describes the incident pulse after it has undergone nonlinear
propagation distortion in the transducer-to-microbubble wa-
ter path. The surface tension ��R� is modeled to vary as a
function of the value of R as

��R�

= 

0 if R � Rbuckling

	� R2

Rbuckling
2 − 1� if Rbuckling � R � Rbreak-up

�water = 0.073 N/m if broken and R 
 Rruptured,
�
�2�

where 	 is the shell elastic compression modulus.
For large oscillations, the radius-dependent surface ten-

sion initially varies within an elastic regime until a critical
break-up tension is reached at R=Rbreak-up. Although initial
Rbreak-up can occur when ��R� is greater than �water due to
shell cohesion, the surface tension relaxes to that of an un-
coated microbubble after break-up and remains at this value
for all R�R . The surface tension reversibly returns to
rupture

face tension limit of the microbubble Rbreak-up
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the elastic regime during the compression phase when R
�Rrupture and R
Rbuckling, and returns to the uncoated mi-
crobubble surface tension value ��water� during each subse-
quent expansion phase when R
Rrupture. Rrupture is generally
smaller than Rbreak-up, and is defined as the radius reached
during each oscillation following initial break-up when ��R�
is equal to �water.

The pressure radiated by the bubble at a distance r
becomes20

P�t� =
�l

r
�R̈R2 + 2RṘ2� . �3�

The response P�t� from Eq. �3�, was convolved with the
impulse response of the received transducer, as measured
with a calibrated hydrophone, to provide results comparable
to experimental data.

It has been shown that albumin-shelled Optison mi-
crobubbles buckle, as described in the Marmottant model.21

Furthermore, it has been analytically determined that surface
tension for a thin solid shell layer in the elastic regime varies
as 	�R2 /R0

2−1� and assumed that R0 is approximately equal
to Rbuckling.

18 Therefore, Eqs. �1�–�3� were also applied to
simulate pressure-time responses for Optison. However, Eqs.
�1� and �2�, based on behavior of lipid-based shells, assume
that shell fragments recombine across the microbubble sur-
face after shell break-up each time the microbubble recon-
tracts to R�Rrupture. When Optison’s albumin shell breaks,
the remains are not likely to behave in the same manner as
for a more flexible lipid-shelled agent.14 Therefore, surface
tension conditions described in Eq. �2� were modified to per-
manently fix ��R�=�water and to suppress the shell viscosity
term ��s=0�, once R=Rbreak-up was reached for the first time,
giving expressions for definitive shell break-up as
�def break-up�R� = 

0 if R � Rbuckling and shell not broken

	� R2

Rbuckling
2 − 1� if Rbuckling � R � Rbreak-up and shell not broken

�water = 0.073 N/m once broken.
� �4�
This modified equation, used to model the radius-time re-
sponse for Optison microbubbles, thus considers the mi-
crobubble to be permanently uncoated following the initial
shell break-up.

For Definity, a shell elastic compression modulus 	 of
0.38 N/m and a shell surface dilatational viscosity �s of
2.40�10−9 kg /s were used.22 For Sonovue, values of 0.55
N/m for 	 and 7.20�10−9 kg /s for �s were chosen accord-
ing to Gorce et al.23 For Optison, values of 0.93 N/m for 	

and 7.65�10−8 kg /s for �s were chosen, assuming a shell
thickness of 15 nm, according to Chatterjee and Sarkar.24

The break-up radius Rbreak-up is related to the maximum sur-
=Rbuckling
�1+�break-up /	. The value of Rbreak-up used herein

�1.2R0� was selected to be within the range of values ob-
tained by Marmottant et al.18 by fitting the shell parameters
in their model to radius-time curves measured for BR14 �a
lipid-shelled microbubble� response. Radius-time and
pressure-time Pf�t� responses were simulated for mi-
crobubbles at a driving PRPA of 2.0 MPa �2.8 MHz, 5
cycles�. Microbubble size-ranges were selected within ac-
cepted ranges1 that included radii without postexcitation sig-
nals on the modeled pressure-time responses: Definity
0.4–4.6 �m, Sonovue 0.6–5 �m, and Optison 1.8–5 �m.
To estimate the spectral response for each microbubble ra-

dius, the Fourier transform of each pressure-time response
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Pf�t� was calculated. Average spectra were calculated from
responses for different radii using weighting-factors describ-
ing a Gaussian size distribution within the selected ranges
�mean�standard deviations of 2.5�0.8, 2.8�0.9, and
3.4�0.6 �m for Definity, Sonovue, and Optison, respec-
tively� with a size-integration technique for simulation of
contrast agent spectral density, as demonstrated by Zheng et
al.25

FIG. 1. Typical passive cavitation detection signals presenting postexcita-
tion events for Optison, Definity, and Sonovue microbubbles �incident
PRPA=2.0�0.2 MPa�.

FIG. 2. Illustration of group selection criteria and average spectra. The s
insonified at an incident PRPA of 2.0�0.2 MPa �5 cycles, 2.8 MHz�. �a� PC
signal showing only the principle response; no postexcitation signal. �c� Ave

signals without postexcitation response �N=17�.

J. Acoust. Soc. Am., Vol. 127, No. 2, February 2010 Sa
C. Passive cavitation detector

Dilute solutions of ultrasound contrast agents were stud-
ied using a PCD with a 2.8-MHz transmitter and 13-MHz
receiver ��6 dB bandwidth from 9.3 to 17.6 MHz�. Use of
the higher frequency receive transducer allows sensitive de-
tection of broadband emissions. Details describing this sys-
tem have been provided previously.16 Incident PRPA was
characterized in a separate experiment using a calibrated
PVDF bilaminar shielded membrane hydrophone �0.5-mm
diameter, 699/1/00001/100, GEC Marconi Ltd., Great Bad-
dow, UK� placed at the focal point. The dilution of the mi-
crobubbles was such that each signal received by the 13-
MHz receiver should, on average, arise from a single
microbubble within the confocal volume determined by the
intersecting volumes of the two �6 dB beam widths. A total
of n, independent, microbubble responses �n
100� were ac-
quired with an incident PRPA of 2.0�0.2 MPa. A 5-cycle
transmit pulse was used throughout the study.

D. Data analysis

Postexcitation events were observed in some of the
voltage-time signals acquired for each type of microbubble
�Fig. 1�. Microbubble responses were classified as �1� re-
sponses with a clear principal response but no postexcitation
signal, �2� responses with a clear principal response followed

shown were acquired with the passive cavitation detector from Definity
nals presenting a postexcitation signal after the principle response. �b� PCD

power spectral density for signals with postexcitation response �Nt=18� and
ignals
D sig
rage
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by postexcitation signal, or �3� responses removed from fur-
ther analysis that could not be classified in either groups
�e.g., because there was no bubble response with a signal to
noise ratio greater than 6 dB, there was unclear distinction of
postexcitation signals, or there were possible multiple
bubbles�. The average spectral density was calculated for
each group of Nt signals with postexcitation emissions. The
average spectral density was also calculated for the corre-
sponding group of N signals with no postexcitation emission.
The group selection criteria and steps toward calculation of
average parameters are illustrated schematically in Fig. 2.
Broadband noise levels were compared between experimen-
tal and modeled spectra within the �6 dB receiving trans-
ducer’s bandwidth �9.3–17.6 MHz�.

III. RESULTS

A. Postexcitation signals in modeled microbubble
responses

The microbubble responses simulated using Eqs. �1�–�3�
for Definity at a fixed initial microbubble radius and
break-up threshold, but with different incident pulse pres-
sures, are presented in Fig. 3. This illustrates the response
predicted by the model for the same microbubble under dif-
ferent conditions of radial oscillation. Shell parameters used
are described in Sec. II B. As described in Sec. II B, incident
pulses �2.8 MHz, 5 cycles� used in the simulation were those
measured with a hydrophone, and the pressure-time response
was filtered by the response of the receiver used in the PCD
system. In Fig. 3�a�, the pressure-time curve does not show a
postexcitation signal when the shell is not broken �incident

FIG. 3. Simulated radius-time and radiated pressure for a Definity microbu
Incident pulse at 2.8 MHz with 5 cycles. �a� Incident PRPA of 100 kPa. Rad
does not exhibit a postexcitation signal. �b� Incident PRPA of 400 kPa. Rad
postexcitation signal. �c� Incident PRPA of 2 MPa. Radial expansion exceed
PRPA 100 kPa, Rmax=1.1R0�. In Fig. 3�c�, the pressure-time
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curve has a postexcitation signal when the microbubble re-
sponds very strongly after shell break-up �incident PRPA 2
MPa, Rmax=4.2R0�. However, the pressure-time curve does
not exhibit a postexcitation signal for the more modest oscil-
lation shown in Fig. 3�b�, even though shell break-up occurs
�incident PRPA 400 kPa, Rmax=1.5R0�.

The postexcitation responses predicted with the model
were considered as a function of the maximum microbubble
expansion relative to the initial radius for a range of mi-
crobubble sizes and for all three types of microbubbles con-
sidered in this work �Rbreak-up=1.2R0�. Results are summa-
rized in Fig. 4. For all microbubble types, a few of the
simulated pressure-time curves from larger microbubbles
�4–5 �m in radius� with Rmax /R0 just above the shell
break-up threshold do not present postexcitation signals.
When Rmax /R0�2, however, postexcitation signals appear.
Thus, the postexcitation signal appeared only when Rmax

�Rbreak-up and Rmax�2R0. Some simulated radiated pressure
signals for microbubbles �1 �m in radius did not yield de-
tectable postexcitation signals, even though maximum ex-
pansion was much greater than 2R0.

B. Comparison between modeled and experimental
spectral responses

Simulated pressure-time responses were Fourier trans-
formed to model the spectral response, as demonstrated in
Fig. 5, using the pressure-time responses presented in Fig. 3
for Definity. The average broadband noise in the �6 dB
bandwidth of the PCD receiver �9.3–17.6 MHz� is plotted as

at resonance radius �R0=2.14 �m� with a break-up radius Rbreak-up=1.2R0.
pansion does not exceed the break-up radius Rmax=1.1R0. Radiated pressure
pansion exceeds the break-up radius. Radiated pressure does not exhibit a
break-up radius Rmax=4.2R0. Postexcitation signals are observed.
bble
ial ex
ial ex
s the
a function of incident pressure in Fig. 5�d�. The broadband
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noise increases with incident pressure and presents the high-
est level when postexcitation signals are present, as antici-
pated.

Simulated and experimental power spectra are compared
between groups of signals presenting postexcitation response
and groups without postexcitation response for Sonovue,

FIG. 4. Postexcitation responses predicted with the model relative to maxi-
mum radial expansion Rmax and break-up radius �Rbreak-up=1.2R0�. Radius-
time and pressure-time responses were simulated for each microbubble type
as a function of the initial microbubble radius R0 �
R0=20 nm� for a 2.8
MHz, 5-cycle incident pulse with PRPA of 2 MPa. The value of Rmax on
each radius-time curve divided by the initial radius �Rmax /R0� is plotted as a
function of R0 for each microbubble type. Cases for which the associated
pressure-time response exhibited a postexcitation signal are plotted as filled
symbols, and cases with no postexcitation signal are plotted as open sym-
bols. For display, every other data point is plotted �steps of 40 nm�. Simu-
lated responses for large microbubbles presenting Rmax /R0 just above the
shell break-up threshold, but below a value of two do not present postexci-
tation signals.
Definity, and Optison in Fig. 6. Comparisons between simu-
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lated and experimental spectra are presented within the
�6 dB bandwidth of the PCD’s receiving transducer. Mod-
eled spectra for Sonovue and Optison without postexcitation
response have sharp features. This is probably due to the
small number microbubbles in the size-range selected for
simulations that responded in this category. Average broad-
band power increases for the spectra with postexcitation sig-
nals, as compared to those from signals without postexcita-
tion signals, are summarized in Table I for both simulated
and experimental data. Relative differences in spectral am-
plitude in the simulated spectra correspond well to those ob-
served experimentally �highest difference for Definity, and
lowest for Optison�. The increase in broadband noise be-
tween the average spectrum from microbubbles with postex-
citation signals and that from same microbubbles without
postexcitation signals is on the same order for predicted and
experimentally measured spectra.

IV. DISCUSSION

This work further explores the link between postexcita-
tion signals and microbubble break-up. Working at relatively
high PRPA �2.0 MPa� for which the majority of mi-
crobubbles can be anticipated to break up, we were able to
experimentally detect signals with and without postexcitation
signals. This was shown experimentally, not only for
albumin-shelled Optison microbubbles, but also for
phospholipid-shelled Definity and Sonovue microbubbles.

To predict microbubble response under the experimental
conditions considered in this work, we used the model by
Marmottant et al.18 that specifically describes variations of
microbubble surface tension for lipid-shelled microbubbles
as the shell expands and contracts. For application to
albumin-shelled Optison, the model was modified to perma-
nently suppress the shell viscosity and to set the surface ten-
sion term equal to that of water, once the break-up radius
was reached. This suppression of shell elasticity and viscos-
ity at a critical radius is similar to the approach previously
applied to model shell break-up of a 2 �m Optison mi-
crobubble using the modified Herring equation.16 Modeling
of the pressure-time response for Optison, Sonovue, and
Definity microbubbles across typical ranges of radii demon-
strated that postexcitation signals occurred only when radial
oscillation exceeded both the break-up threshold and Rmax

�2R0. Modeled responses for microbubbles with oscillations
not exceeding the break-up threshold or exceeding the
break-up threshold without expanding larger than 2R0 did
not yield postexcitation signals. Rbreak-up was chosen to have
a value consistent with those previously found by fitting the
model to experimentally recorded radius-time responses
measured for a lipid-shelled agent. Varying Rbreak-up from 1.2
to 1.5 for Definity microbubbles consistently led to postex-
citation signal appearance for Rmax�2R0. Flynn and
co-worker8,26 established a radial oscillation threshold of R
�2R0 for inertial cavitation of free bubbles. Thus, the model
predicts that postexcitation signals occur for microbubbles in
a range of sizes that respond, following break-up with radial
oscillation exceeding the free bubble inertial cavitation

threshold. However, a range of responses without postexci-
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tation signals from microbubbles exceeding the break-up ra-
dius but remaining less than the free bubble inertial cavita-
tion threshold was predicted for each microbubble type
considered. The simulated radiated pressure signals become
very weak for the smallest microbubbles considered in simu-
lations. Although some of these small microbubbles re-
sponded with maximum expansion greater than 2R0, no
postexcitation signals were detected. Postexcitation signals
might be hidden by surrounding noise, but it could also be
due to limitations of the model.

Pressure-time response calculated using the model by
Marmottant et al.18 provides a good description of experi-
mentally observed postexcitation signals when the shell
breaks up and when radial expansion exceeds 2R0. This is
the first time that this model feature has been demonstrated.
A free bubble model should also produce postexcitation sig-
nals when radial oscillation is sufficient, but will lack terms
considering the shell effects prior to initial break-up and �for
lipid-shelled bubbles� during subsequent periods of recom-
pression when R�Rruptured. Postexcitation signals can also be
obtained with the Marmottant model for non-lipid shelled
agents, but only after modifying the shell parameters to
eliminate shell viscosity and surface tension for all time after

FIG. 5. Simulated spectral responses for a Definity microbubble at resonanc
2.8 MHz with 5 cycles. All spectra are presented with spectral amplitude rel
2 MPa PRPA pulse. Incident PRPA: �a� 100 kPa, �b� 400 kPa, and �c� 2
rarefactional pressure in the incident pulse. Error bars represent the standar
emissions were identified on the simulated pressure-time curves.
Rbreak-up is initially reached.
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Although the PRPA used in this study is within the range
used in diagnostic imaging �mechanical index on the order of
1.2�, such high pressures are not typically used in ultrasound
contrast imaging, except when clearing microbubbles from
the image plane for perfusion imaging. This high pressure
was selected because it provided sufficient signal to noise
ratio, not only for experimental detection of PCD responses
with postexcitation response, but also for detection of weaker
responses without postexcitation signals.

The response of the microbubbles with postexcitation
signals relative to that of microbubbles without postexcita-
tion signals demonstrated broadband noise increases of ap-
proximately 4–7 dB �experiment� and 4–9 dB �modeled
spectra�. Data were analyzed to investigate how much of this
noise can be attributed to the response of the postexcitation
signal. By excluding the postexcitation signals from the ex-
perimentally acquired voltage-time trace used for the Fourier
transform, we estimated the spectral content, minus the con-
tribution due to postexcitation signals, and compared this to
the spectral content of the entire voltage-time traces. The
postexcitation signals contributed averages of 0.2�0.1,
0.8�0.2, and 0.5�0.2 dB of the broadband noise level ob-
served for Definity, Sonovue, and Optison, respectively. This

ius �R0=2.14 �m� with a break-up radius Rbreak-up=1.2R0. Incident pulse at
to the peak value of the spectrum calculated for the response to the incident
�d� The average broadband noise �9.3–17.6 MHz� as a function of peak

iation in the bandwidth. Stars indicate at which PRPA levels postexcitation
e rad
ative
MPa.
d dev
leads to the conclusion that the increase in broadband noise
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observed when postexcitation signals are detected is prima-
rily due to increased pressure radiated during the principal
response. These weak postexcitation signals on the pressure-
time response are likely to be difficult to detect in vivo and
can only be observed in the time domain when a single mi-
crobubble response is isolated. However, the spectral content
associated with the inertial cavitation response may offer in-
sight that is useful for in vivo studies. To estimate the onset
of inertial cavitation in PCD measurements, increased broad-
band noise from insonified contrast microbubbles is gener-
ally compared to baseline levels observed in the absence of
contrast agent. For example, Sassaroli and Hynynen10 used
an increase of at least 20 dB above background in the wide-

FIG. 6. Comparison of average spectra from signals with and without pos-
texcitation response for simulated �dashed lines� and experimental �solid
lines� results for �a� Definity, �b� Sonovue, and �c� Optison �incident peak
rarefactional pressure amplitude of 2.0 MPa�. All experimentally estimated
spectra are presented on the same scale relative �re: 0 dB� to the peak value
for Definity with postexcitation signals. The scaling factor that provided best
alignment between simulated and experimental curves for Definity with pos-
texcitation signals was calculated. This uniform off-set was applied to all
simulated spectra. Highest broadband noise levels are observed for Definity
and lowest levels for Optison. For each microbubble type, the average spec-
trum is higher for the case with postexcitation response than for the case
without postexcitation response. Overall, the amplitudes of the simulated
spectra vary consistently with the amplitudes of the experimentally assessed
spectra �similar differences between microbubble types and between cases
with and without postexcitation signals�.

TABLE I. Average difference between the mean power spectrum from sig-
nals with postexcitation response and the mean power spectrum from signals
without postexcitation response are summarized for spectra from experi-
mental data and for spectra calculated from simulated pressure-time re-
sponses. Spectral differences are calculated within a bandwidth from 9.3 to
17.6 MHz.

Average broadband power
increase �9.3–17.6 MHz�

associated with postexcitation signals
�dB�

Experimental data Simulated data

Definity 4.2 4.0
Sonovue 7.2 6.7
Optison 6.1 8.9
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band noise to characterize Optison inertial cavitation. Tu et
al.11 found relative increases in normalized inertial cavitation
doses from 10 to 20 dB between solutions with and without
Optison. The increases in broadband noise associated with
inertial cavitation, as reported in the current work, are lower
�on the order of 4–7 dB� because comparison is not being
made between the response from a group of microbubbles
and noise baseline, but is instead being made between two
groups of microbubbles under the same insonification condi-
tions, but responding differently. The model predicts that the
group with postexcitation signals oscillates above the inertial
cavitation threshold and that the group without postexcitation
signals predominantly oscillates below this threshold. For a
well characterized microbubble population, it could be pos-
sible to apply the model to predict which microbubbles in the
population will respond with inertial cavitation, and how
modification of the insonification conditions can be used to
adjust the inertial cavitation response.

An important limitation of this study is that the PCD
configuration used does not provide information about the
precise initial bubble size for a given voltage-time trace. The
size distribution of microbubbles in dilutions may be modi-
fied compared to the pre-dilution distribution.27 Furthermore,
the size distribution in solution is time-dependent. Postexci-
tation signal prediction with the Marmottant model was ex-
plored across approximate size distributions to investigate
the link with radial oscillation and shell break-up. The ranges
considered were selected to be coherent with reported ranges
and to include microbubble sizes near the shell break-up
threshold at which simulated pressure-time curves did not
present postexcitation signals.

However, in spite of the approximate nature of the mi-
crobubble size distributions used for modeling, the relative
amplitude of the broadband noise predicted by the model
between different types of microbubbles was consistent with
experimental observations. Relative differences predicted be-
tween groups of microbubbles with and without postexcita-
tion responses were also of the same order for the model and
the experiment. Better comparisons between experimental
and simulated spectra could be obtained if the microbubble
size in the experimentally sampled population were known.

Results using the model by Marmottant et al.18 have
been presented to explore the relationship between postexci-
tation signal, microbubble size, break-up, inertial cavitation,
and broadband noise levels. Modeled signals only presented
postexcitation signals when both the break-up radius and the
inertial cavitation threshold were exceeded. Comparable lev-
els of added broadband noise in experimental and simulated
data when postexcitation signals were present suggest that
the Marmottant model can provide insight concerning spec-
tral response for cavitating microbubbles.
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