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Abstract—Acoustic cluster technology (ACT) is a two-component, microparticle formulation platform being
developed for ultrasound-mediated drug delivery. Sonazoid microbubbles, which have a negative surface charge,
are mixed with micron-sized perfluoromethylcyclopentane droplets stabilized with a positively charged surface
membrane to form microbubble/microdroplet clusters. On exposure to ultrasound, the oil undergoes a phase
change to the gaseous state, generating 20- to 40-mm ACT bubbles. An acoustic transmission technique is used
to measure absorption and velocity dispersion of the ACT bubbles. An inversion technique computes bubble
size population with temporal resolution of seconds. Bubble populations aremeasured both in vitro and in vivo after
activation within the cardiac chambers of a dog model, with catheter-based flow through an extracorporeal mea-
surement flow chamber. Volume-weighted mean diameter in arterial blood after activation in the left ventricle was
22 mm, with no bubbles.44 mm in diameter. After intravenous administration, 24.4% of the oil is activated in the
cardiac chambers. (E-mail: Andrew.healey@phoenixsolutions.no) � 2016 World Federation for Ultrasound in
Medicine & Biology.

Key Words: Acoustic cluster therapy, In vitro bubble sizing, Ex vivo bubble sizing, In vivo bubble sizing, Microbub-
bles, Droplet vaporization, Ultrasound contrast agent, Myocardial perfusion imaging.
INTRODUCTION

Acoustic cluster technology (ACT) can be considered to
belong to the class of technologies based on acoustic
droplet vaporization (ADV), a term first used in the liter-
ature in 2000 (Kripfgans et al. 2000). Liquid droplets of
micron and submicron diameter (also referred to as phase
shift emulsions) are provided an energy stimulus (ultra-
sound for ‘‘acoustic’’ droplet vaporization) to change
phase from liquid to gas-forming microbubbles. ADV
has been extensively researched for albumin-coated
micrometer-sized dodecafluoropentane droplets by the
group at the University of Michigan, among others. For
a historical review, see Sheeran and Dayton (2012).

Several patents were granted related to ADV in the
late 1990s. Apfel (1998) describes dispersions of super-
heated droplets (droplet liquid has a boiling point below
body temperature at atmospheric pressure) of immiscible
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liquids for infusion, which are vaporizable by ionizing ra-
diation or ultrasound. Applications described include
diagnostic contrast agents, drug delivery and emboliza-
tion. Østensen et al. (1998) describe a similar concept
in which micron-sized droplets are mixed with stabilized
microbubbles that significantly reduce the ultrasound
energy required to vaporize the droplets and allow use
of droplets that are not necessarily superheated. Eriksen
and Tolleshaug (1999) reported that the efficacy of the
concept (described in Østensen et al. 1998) can be
substantially enhanced if the emulsion droplets and mi-
crobubbles have affinity for each other. These two patents
exploit the deposit nature of the vaporized bubbles for
perfusion imaging, for bubble sizes sufficient to lodge
in the microvasculature. The gold standard for perfusion
measurements in tissue is injection of labeled, solid
microspheres that are trapped in capillaries because of
their size (deposit tracer). The deposition of microspheres
will be proportional to flow in tissue if certain conditions
are met (Domenech et al. 1969). Vaporized bubbles that
are large enough to trap in the capillary bed also behave
as a deposit tracer; the number of bubbles deposited in
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tissue is related to tissue perfusion. The gold standard
microsphere technique is not suitable for imaging for
two main reasons. Solid microspheres do not pass the
lung capillaries and must therefore be injected via arterial
catheters. The residence time may also be unacceptably
long. The use of vaporized bubbles of sufficient size over-
comes these two limitations. The liquid droplets have
been designed to grow in size when activated by ultra-
sound after they have passed the pulmonary capillaries
and can therefore be administered intravenously. The
bubbles so generated contain a gas that dissolves in tissue
after deposition and have a residence time of minutes.
Thus, the additional backscatter signal provided by the
bubbles deposited in tissue is related to tissue perfusion.

Smaller droplets (submicron) will produce smaller
bubbles that may not have the same deposit tracer proper-
ties. Nanodroplets have the potential to leave the vascula-
ture, for example, by the enhanced permeability and
retention effect (Iyer et al. 2006), prior to vaporization
and be vaporized in the tissue compartment (Sheeran
and Dayton 2012).

Bubbles produced by in vivo vaporization of
liquid droplets have been proposed for a plethora of appli-
cations (for recent reviews, see Lin and Pitt 2013;
Rapoport 2012; Sheeran and Dayton 2012) embracing
their ultrasound imaging properties including perfusion
imaging; embolization; phase aberration correction;
thrombolysis; influence on high-intensity focused ultra-
sound therapy; and drug delivery.

The ACT concept is a two-component microparticle
system composed of stabilized microbubbles with a
negative surface charge mixed with stabilized perfluoro-
methylcyclopentane (PFMCP) microdroplets with a
positive surface charge (Sontum et al. 2015b). Onmixing,
small 2- to 8-mm particle clusters are formed by electro-
static attraction. When injected into the bloodstream and
exposed to medical ultrasound fields, the microbubble
transfers energy to the microdroplet and acts as a vapor-
ization ‘‘seed,’’ initiating vaporization of the oil droplet.
The presence of the microbubble in the cluster makes
the vaporization process occur at much lower acoustic
power than it would in its absence (Eriksen and
Tolleshaug 1999; Lo et al. 2007; Østensen et al. 1998).
The initial vaporization step is rapid (microsecond time
scale for ADV droplets without the microbubble present
[Doinikov et al. 2014; Shpak et al. 2013, 2014; Wong
et al. 2011]) and results in a vapor bubble
approximately five times the initial droplet diameter
(Kripfgans et al. 2000). Inward diffusion of blood gases
and water vapor results in continued bubble growth to
reach amaximum diameter. Gas under saturation in blood
as a result of O2 metabolism, surface tension and blood
pressure promotes diffusion of gases out of the bubbles
and subsequent shrinkage (Van Liew and Burkard
1995a). A low-solubility oil is employed to extend the
lifetime of the activated ACT bubble.

The average diameter of lung capillaries has been
reported to be approximately 7 mm, with approximately
95% being larger than 4 mm (Hogg 1987). To ensure
free-flowing properties and passage through the capillary
bed after intravenous administration, medical ultrasound
contrast agents are therefore typically ,4 mm in mean
diameter (Sontum 2008). In dogs, experiments have indi-
cated that bubbles,11 mm are required for lung passage
(Butler and Hills 1979). ACT bubbles $12 mm in diam-
eter will hence be expected to lodge and deposit in the
capillary bed, transiently stopping blood flow until they
dissolve and become small enough to dislodge,
re-condense or dissolve completely. The 20- to 30-mm
average diameters imply that they are likely to lodge at
the capillary level. Currently, ACT technology is being
developed for ultrasound-mediated drug delivery applica-
tions as a theranostic agent. For recent reviews of related
approaches, see Castle et al. (2013) andWood and Sehgal
(2015).

To enable formulation design and to elucidate attri-
butes and mechanisms, there was an obvious need for
experimental methods capable of sizing the activated
bubbles in vitro and in vivo, to track their kinetics and
to measure the efficiency of the activation process (i.e.,
the fraction of injected oil that vaporizes in both the
in vitro and in vivo environments). Measuring bubble
size populations in multiphasic media is an important
problem in a plethora of applications including industry
(nuclear reactors), medicine (decompression sickness),
biology and oceanography. A method was required that
could size an entire bubble population in vitro at
controlled concentrations and environmental settings
similar to those in vivo with a temporal resolution of sec-
onds. The method was also required to operate in whole
blood in an extracorporeal flow circuit, to size bubble
populations after in vivo activation. The activated ACT
bubbles are mostly devoid of a stabilizing shell or mem-
brane (except for the remnants of the particle shells in the
original cluster). In larger vessels they may be considered
as ‘‘free’’ bubbles, which possess relatively ‘‘sharp’’
acoustic resonances in the linear regime. This is due to
the increase in Q factor of the bubble system without a
shell and the increase in Q factor with bubble size. This
allows for use of the acoustic attenuation properties of a
bubble population along with a model of bubble reso-
nance to invert the linear attenuation data to recover
bubble size. This technique has been used in the sonar
literature to size bubbles in the upper ocean (Vagle and
Farmer 1998) and is employed in a commercially avail-
able bubble-sizing instrument (Wu and Chahine 2010).
This quantitative approach also has the advantage of
operating well in whole blood and is insensitive to the
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non-gaseous particles present. Simultaneous measure-
ment of the entire bubble population size range requires
measurement covering the whole range of resonance
frequencies in the bubble population. This may be
achieved by using a broadband acoustic transmission
technique. For an artifact-free measurement it is impor-
tant to excite the bubble population in the linear range.
Studies have indicated that a non-linear response to
ultrasound exposure has a very low threshold for
many medical ultrasound contrast agents, and a predom-
inantly linear response is achieved only for excitation
pressure amplitudes ,30 kPa (Chatterjee et al. 2005;
Qin et al. 2009).
METHODS

Materials
The microbubbles used were the commercially

available ultrasound contrast agent Sonazoid (GE Health-
care, Oslo, Norway), which, on reconstitution, contains
8 mL bubble gas volume per milliliter (ca. 1.1 3 109

microbubbles/mL), with a volume-weighted median
diameter of 2.6 mm (Sontum 2008). The microdroplets
(emulsion component) consisted of perfluoromethylcy-
clopentane stabilized with a distearoylphosphatidylcho-
line phospholipid membrane containing 3%
stearylamine to produce the positive surface charge
(Sontum et al. 2015b), with 3.2 mL PFMCP microdrop-
lets/mL (approx. 0.6 3 109 microdroplets/mL) and a
volume-weighted median droplet diameter of 2.8 mm.
The ACT compound for injection (the drug product)
was prepared by reconstituting a vial of Sonazoid with
2 mL of the emulsion component.
Models of size dynamics
There are several mathematical models in the litera-

ture that are applicable to the activated ACT bubble size
and temporal kinetics (Burkard and Van Liew 1994;
Kabalnov et al. 1998; Kausik et al. 2009; Van Liew and
Burkard 1995a, 1995b). The specifics of the model and
parameter values for calculations used in this article are
given in the Appendix.
Fig. 1. Schematic of in vitro sonometry system.
Coulter counting
Coulter analysis of the microdroplet component was

performed using a Coulter Multisizer III (Beckman
Coulter, Brea, CA, USA) instrument set up with a
50-mm aperture and a measuring range of 1 to 30 mm.
A suitable aliquot of the sample was dispersed and
homogenized in Isoton II electrolyte (phosphate-buffered
saline; Beckman Coulter) prior to analysis. Responses
were number and volume concentration and number
and volume size distributions.
Flow particle image analysis
Flow particle image analysis is a fully automated

microscopy and image analysis technique. A suitable
aliquot of the ACT compound is dispersed in particle-
free Isoton II and homogenized. A known portion of the
diluted sample is then drawn through the measuring cell
in the instrument, where a fixed set of micrographs are
taken by a charge-coupled device camera with a strobo-
scopic light source. The particles in each frame are
automatically isolated and analyzed by the image anal-
ysis software, and a variety of morphologic parameters
are calculated for each particle, as is the total particle
concentration. The instrument provides a representative
selection of micrographs for different size classes.
,5, 5–10, 10–20 and 20–40 mm, together with concentra-
tion observed in each class. For the reported analyses, a
Sysmex 2100 flow particle image analysis instrument
(Malvern Instruments, Malvern, UK) set up with a
high-power field (203 magnification) and measuring
range of 0.7 to 40 mmwas used. The cluster concentration
in each size range was reported as primary parameters for
evaluation. Analyses were also performed using 5%
human serum albumin (HSA, CSL Behring, Breda,
Netherlands) as diluent.
Activated ACT bubble sizing in vitro
An acoustic transmission technique was used to

measure the size distribution dynamics of the ACT bub-
ble population after activation. Figure 1 is a schematic
of the measurement system. A low-frequency (250-kHz
center frequency, Olympus Videoscan, part V1012, Wal-
tham, MA, USA) broadband pulse is directed through a
sample cell, is reflected from a steel plate (approx.
25 cm from the low-frequency transducer), propagates
back through the sample and is received by the same
transducer. The sample cell has a volume of
236.28 cm3. The cell is closed (i.e., contains no head
space) so that it may be kept at a controlled gas saturation.
Stirring is incorporated to ensure adequate mixing. Mylar
membranes are used to provide acoustically transparent
windows. The bandwidth of the low-frequency pulse is
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able to cover a bubble size range from 4 to 80 mm in diam-
eter (76 kHz to 1.36 MHz). The third and fifth harmonics
of the transducer are used to cover this frequency range.
There are minima in the transmitted pulse spectra around
0.5 MHz (second harmonic) and 1 MHz (fourth har-
monic). The two measurements (one to either side of
0.5 MHz, corresponding to bubble resonance frequencies
of 10- and 12-mm bubbles) have a low signal-to-noise
ratio and are replaced with cubic spline interpolation
data from the surrounding measurement points. The
peak negative pressure of the low-frequency pulse was
measured to be 14 kPa, measured with a 0.5-mm mem-
brane hydrophone (GEC Marconi, Chelmsford, Essex,
UK), with National Physics Laboratory calibration
extended to 0.25 MHz. The low-frequency source does
not activate the ACT clusters. Activation is provided by
a clinical scanner (ATL [Philips] HDI 5000, Bothell,
WA, USA), with a P3-2 probe, B-mode imaging, single
focus at 10-cm image depth (center of in vitro cell) and
21-Hz frame rate. To quantify the effect of the displayed
scanner mechanical index (MI) setting on the amount of
activation produced in vitro, experiments were repeated
at all output settings available on the scanner with this
probe (ranging from MI 0.0 to 1.0).

The measurement system is placed in a water bath at
37�C to mimic body temperature. The gas saturation
in vivo (approximately 98 kPa in arterial blood and
90 kPa in venous blood), coupled with systemic overpres-
sure (13.3 kPa average arterial pressure), provides an
in vivo gas saturation environment of approximately
85% (Van Liew and Burkard 1995a). The sample cell
contains Isoton II at 85% gas (air) saturation (37�C).
This is achieved by storing the Isoton II at 44�C for at
least 48 h prior to transfer to the sample cell, to allow
gas saturation to be reached at this temperature. The
stirred sample cell was filled and left to stand for a few
minutes until thermal equilibrium at 37�C was reached.
Analyses were also performed using 5% HSA instead
of Isoton II, also at 85% air saturation.

Two hundred consecutive radiofrequency A-line
signals are recorded at 10- MHz sampling frequency,
12-bit resolution and comprise one measurement data
set (ADC model, National Instruments PCI 6115, Austin,
TX, USA). The pulse repetition frequency (PRF) of the
transmission transducer is set at 200 Hz, and thus, 1 s is
required for data capture. The transmission transducer
is activated with a Panametrics 5800 Pulser/Receiver
(Waltham, MA, USA) with the following settings:
mode: pulser receiver; PRF: 200 Hz; energy: 12.5 mJ;
damping: 50 Ohm; high-pass filter: 1 kHz; low-pass filter:
5 MHz; input attenuation: 0.0 dB; output attenuation:
0.0 dB; gain: 40 dB. Ninety-one consecutive data sets
were recorded with an interval of 3 s between
measurements.
The first two measurement sets are recorded with no
product added and serve as a reference data set in the
absence of the bubbles. After measurement 2, 3.5 mL of
the ACT formulation is added to the sample cell and
homogenized. Two more measurements are recorded
with the product added, but with no acoustic output
from the scanner transducer used for activation (data
sets 3 and 4). Activation is then initiated prior to the
recording of data set 5 and maintained for 30 s. The log
spectral difference method, using measurements 1 and 2
as the reference (bubble-free) data, is used to determine
the additional attenuation resulting from the bubble
population.

Numerical inversion
Details of the bubble model used are given in the

Appendix. Inverting the measured acoustic attenuation
data to yield size distribution information is based on a
simple finite-element solution as proposed by
Commander and McDonald (1991). The resulting equa-
tion relating attenuation to size distribution is the Fred-
holm integral equation:

aðf Þ5
ðamax

amin

seðf ; aÞJðaÞda (1)

where a (f) is the measured frequency-dependent acoustic
attenuation,J (a) is the unknown bubble number density
function and se (f, a) is the bubble extinction cross section
as a function of frequency and bubble radius. J (a) is
expanded with a finite sum of basic functions, in this
case linear B splines. Suitable quadrature is then
employed in conjunction with a weighted residual
method (collocation) to generate a linear system of equa-
tions for the coefficients of the B splines. J (a) is thus
approximated via

JðaÞ5
XN
j5 1

JjBjðaÞ (2)

whereJj takes the value of the functionJ at the value aj,
and Bj(a) is the jth linear B spline. The linear system of
equations below is then arrived at directly by substitution:

aðfiÞ5
XN
j5 1

KijJj (3)

Here,

Kij 5

ðamin

amax

seðfi; aÞBjðaÞda (4)

This integral is computed with an appropriate
quadrature scheme. The system is expressed in matrix
notation as



Acoustic cluster therapy d A. J. HEALEY et al. 1149
0
BB@

a1

a2

«
aN

1
CCA5

0
BB@

K11 K12 / K1N

K21 K22 / K2N

« « «
KN1 KN2 / KNN

1
CCA
0
BB@

J1

J2

«
JN

1
CCA (5)

As the linear system is ill-conditioned in the sense of
Hadamard, choosing the B spline knot locations to
coincide with the resonance radius frequencies in the
attenuation data can improve the condition of the matrix
and is employed here. Commander andMcDonald (1991)
had to make use of a regularization procedure based on
restricting the solution to a minimum curvature constraint
to stabilize the resulting system. Other stabilization
systems have also been explored for this problem
(Duraiswami 1993). However, for the attenuation data
measured in the in vitro system described previously,
the range of bubble sizes and data signal-to-noise ratios
is such that these techniques are typically not required.
The system of equations is adequately solved by the
standard least-squares methodology with an additional
non-negativity constraint, that is,

min
J

1

2
kKJ2ak22such that J$0 (6)

The details of the algorithm used can be found in
Lawson and Hanson (1974). The non-negativity
constraint is incorporated for obvious physical reasons
(there cannot be a negative number of bubbles per unit
volume).

From the acoustic measurements, acoustic attenua-
tion and velocity as a function of frequency may both
be calculated. Only attenuation data are used to calculate
the bubble distribution; the velocity data can be used as
the basis of an independent check of the estimated bubble
size distribution.

Inversion quality metric
The velocity of a bubbly liquid is highly dispersive

around the resonance frequency. This phenomenon may
be used to derive a ‘‘quality’’ metric to quantitatively infer
the accuracy or confidence of the estimated bubble distri-
bution (Vagle and Farmer 1998). The summation (over
the B spline knot locations) of the discrepancy between
the measured sound speed and the sound speed calculated
from the estimated bubble population, weighted so as to
emphasize the part of the bubble size spectrum contrib-
uting most to the volume fraction, is used to define a qual-
ity metric, Qm,

Qm 5 12

�����Pj
��Dcj��bj

�����
2

P
j

��dc0j��bj3
P
j

��dc00j ��bj

(7)
where bj is the volume fraction at the jth B spline knot
location, dc0j is the sound speed anomaly (the difference
between the sound speed with and without the bubble
cloud present) calculated from the bubble distribution
derived through the measured attenuation, dc00j is the
sound speed anomaly calculated from the measurement
data and Dcj is the difference between the two. A perfect
correspondence between the measured sound speed
anomaly and that calculated from the derived bubble dis-
tribution gives a Qm value of 1 (when the second term on
the right-hand side of eqn [7] is 0). Thus, Qm provides a
quantitative parameter defining the quality of the inver-
sion that is derived from ‘‘independent’’ data to that of
data used for the inversion.

Numerical inversion performance estimates
Uncertainty estimates for the inversion procedure

were determined around the ‘‘operating point’’ of the in-
strument reported in this article using the following (com-
puter simulation) method. This accounts for the acoustic
pulses used in the measurement, the signal-to-noise ratio
level of themeasurement data, the bubble size distribution
and the bubble concentration measured. It assumes that
the bubble models are correct. The acoustic pulse used
to size the bubble population wasmeasured in the absence
of bubbles in the extracorporeal flow circuit used for the
in vivo activation experiments. The average of 2000 pulses
was used to represent a ‘‘noise-free’’ signal. For the in vivo
activation experiments, 200 pulses were averaged. The
noise content of the 200 pulse averages was measured
from a section of the radiofrequency data before the
arrival of the ultrasound pulse. The power in this noise
termwasmeasured. The noise is assumed to be a normally
distributed additive independent random process.

The simulated bubble distribution has a Gaussian
volume-weighted distribution with a mean of 22 mm
and a full width half-maximum ranging from 10 to
25 mm. The choice of Gaussian distribution is based on
the parent emulsion distribution. Note that the recovered
distribution is in the range of 4–80 mm, and the Gaussian
distribution is accordingly truncated to this range.

For each simulated Gaussian distribution the
following procedure is applied.

� The measured ‘‘noise-free’’ pulse is propagated
through the measurement cell in silico, using the bub-
ble model, simulated size distribution, concentration
and sample cell path length.

� Noise is then added to the ‘‘noise-free’’ pulse at the
noise level of the instrument and also to the pulse after
simulated propagation through the bubble cloud. These
then form the reference and bubble population
measurements as input to the bubble size distribution
inversion procedure.
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� The inversion procedure is performed.
� This is repeated for 10,000 runs.

To check for bias and error bounds for the inversion
procedure, the median and 2.5% and 97.5% quantiles
were calculated for the recovered bubble distribution
parameters and compared with simulation input.

Activated ACT bubble sizing ex vivo extracorporeal
measurement chamber

A measurement chamber was constructed to mea-
sure bubble population size dynamics in an ex vivo extra-
corporeal flow circuit after activation of ACT in vivo in
the cardiac chambers in a dog model. Figure 2 is a sche-
matic of the extracorporeal circuit. It uses the same trans-
mit transducer and driving electronics as the in vitro
measurement system, but employs a 100-mm-thick poly-
vinylidene difluoride film as the receiver. Two hundred
pulses were generated at 400-Hz PRF for a 0.5-s measure-
ment time and repeated every 3 s for a total of 91 mea-
DC5
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surements. There are two sets of three-way valves on
each of the connections to the test chamber. This is to
allow for ease of priming and subsequent connection of
the flow lines to and from the animal. The test cell cham-
ber is first primed with saline solution at 85% gas satura-
tion to avoid bubble formation. The primed chamber is
placed in a water bath kept at a constant 37�C for at least
30 min prior to use to allow for thermal equilibrium.
DC5C
�
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�
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_QDt
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(11)
Simple model for bubble volume estimation from ex vivo
cell measurements

A simple model was derived to estimate the peak
concentration in the measurement cell, as a function
of flow rate into the cell and the ACT bubble half-
life and bolus half-life. We have a measurement cell
of volume V0 with an inlet port and an outlet port.
The compartment is assumed to be well stirred, with
uniform concentration, C, within the cell. The initial
concentration at t 5 0 in the cell is C 5 0. Consider
a small volume, DV, which enters the cell after pas-
sage through the inlet tube with transit time tt, at con-
centration cie

2a1t2a2tt . The concentration of this
volume DV at time t 1 Dt will be

e2a2tt
ci
Dt

ðt1Dt

t

e2a1t0e2a2ðt2t01DtÞdt0 (8)

Here a1 is the time constant associated with the
bolus (modeled as an exponential decay). a2 is the
time constant associated with the lifetime of the ACT
bubble population (modeled as an exponential decay)
and tt is the transit time through the arterial catheter to
the measurement chamber. A commensurate volume exits
the cell. The original concentration within the cell is now
Ce2a2Dt. Thus, the overall change in concentration in the
cell is
_Q is the rate of flow through the cell. Flow is pulsa-
tile with heartbeat, but as the measurement time averages
over the cardiac cycle, _Q is modeled as constant.Noting
that

DV 5 _QDt (10)

we express eqn (9) as
By dividing each side by Dt, using some expansions
and taking the limit as Dt/0, we have a first-order
ordinary differential equation

dC

dt
52Ca22

_Q

V0

C1
_Q

V0

cie
2a2tt2a1t (12)

Solving for Cwith the boundary conditions C5 0 at
t 5 0 gives
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which gives the cell concentration as a function of time.
The maximum concentration cmax at time tmax is given by

cmax 5
cie

2a2tt2
V0a1 ln

�
_Q1V0a2
V0a1

�
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_Q
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Setting a1 5 0 gives us the response to a step
function,

cstep 52
cie

2a2tt

�
e
2

_Q
V0

t2a2t21
�

_Q

_Q1V0a2

(15)

and taking the derivative of cstep,
dcstep
dt
, gives the impulse

response

cimpulse 5
e
2

_Q
V0

t2ðt1ttÞa2 _Q

V0

(16)

V0 is fixed by the cell dimensions and is 48.5 mL.
The length of tubing to the inlet port is 66 cm. The tubing
internal diameter is 0.070 in. (�1.78 mm).

Taking the (one-sided) Laplace transform of the im-
pulse response gives

ðN
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Thus we have a pole located at sp 52

 
Q
:

V0
1a2

!
, in
the s plane. To estimate the concentration entering the
cell, ci (t), we filter the measured cell concentration
with a single zero filter located at sp, with a gain of
Q
:

V0
e2tta2 . To determine the total volume of bubbles liber-

ated, vbtot, ci (t) is multiplied by the cardiac output

vbtot 5

ðN
0

ciðtÞdt3cardiac output (19)
Fig. 2. Schematic of extracorporeal flow circuit (top) and conn
depicted are other instrument placements used in the experime
artery; PV5 pulmonary vein; RA5 right atrium; LA5 left atr
SVC5 superior vena cava; IVC5 inferior vena cava; S5 sinus

RG 5 glomerulus in the kidney; RT 5 renal tub
Calculation of activation yield
The concentration and size distribution data of the

microdroplet emulsion measured with the Coulter Multi-
sizer III is used in the simulation. Activated bubble vol-
ume–time curves, vn (t), were calculated according to
the model in the Appendix, using an initial microdroplet
diameter corresponding to the mean diameter in each of
the nc Coulter measurement channels. The volume–time
curves are then weighted by the number of particles
measured in each channel, cn, and summed to produce a
volume–time curve for the bubble population:

VbðtÞ5
Xnc
1

vnðtÞ,cn (20)

Themaximum value of Vb (t), vbmax, provides a theo-
retical peak volume fraction for 100% simultaneous acti-
vation of the ACT clusters. The ratio of the measured
value from the in vitro cell or vbtot from the ex vivo cell,
divided by the theoretical value from eqn (20), provides
an estimate of the fraction of clusters activated.

Animal model
Ethical approval was provided by the Norwegian

Animal Research Authority (NARA). Three male
mixed-breed sibling dogs (Labrador, Harrier) aged
18 mo were used in the study, with weights of (D1)
18 kg, (D2) 17.7 kg and (D3) 17 kg. The dogs were deliv-
ered on the morning of the day of the experiment and
were anaesthetized immediately without any need for
housing.

Anesthesia was induced and maintained with pento-
barbital and fentanyl. The animals were ventilated with
room air via an orally inserted endotracheal tube and
volume-controlled mechanical room air ventilator (New
England Model 101 Large Animal Ventilator). The
body temperature was kept constant at 38�C with a Har-
vard homeothermic feedback control unit (rectal temper-
ature sensor controlling an electrical heating blanket). A
Swan-Ganz catheter for pressure measurements and
monitoring of cardiac output (Baxter Vigilance Contin-
uous Cardiac Output monitor) was inserted into the pul-
monary artery via the femoral vein and a groin incision.
A systemic arterial pressure transducer catheter was in-
serted into the femoral artery via the same incision. A
1.4-mm Venflon cannula was inserted in the right ce-
phalic vein proximal to the elbow joint, for injection of
test substances.
ections to the animal’s circulatory system (bottom). Also
nt. H 5 head; VE 5 upper extremity; PA 5 pulmonary
ium; A5 aorta; RV5 right ventricle; LV5 left ventricle;
es and spleen; I5 intestines; L5 liver; PV5 portal vein;
ules; T 5 trunk; LE 5 lower extremities.



Acoustic cluster therapy d A. J. HEALEY et al. 1153
A midline sternotomy was performed, and positive
end-expiratory pressure was applied to the respirator
outlet when entering the pleural spaces. The anterior peri-
cardium was removed, and the heart was suspended by
suturing the rim of the remaining pericardium to the
wound edges. The auricular appendix of the left atrium
was cannulated for injections of activated ACT drug
product, bypassing the pulmonary circulation.

Measurements of bubble size and number in arterial
blood were made with the acoustical ex vivo extracorpo-
real measurement chamber described above connected to
the circulation of the animal by catheters in the aortic root
and the jugular vein. Clotting was prevented by injecting
heparin (1000 IU/kg) before connecting and opening the
shunt circulation. Blood circulated through the instru-
ment as a consequence of the natural arteriovenous pres-
sure gradient, and the flow rate was on the order of
1.5 mL/s (the actual rate was determined by arterial pres-
sure, blood viscosity and tubing dimensions). This flow
corresponds to about 5%–8% of the volume of blood
pumped by the heart. Flow rate used in the yield calcula-
tions was measured by timed collection of blood from the
venous return tubing close to the animal.

An ATL HDI-5000 scanner with a P3-2 transducer
was used with an MI scanner setting of 1.0, fundamental
B-mode imaging, maximal frame rate (typically 21–40
frames/s), single focal depth set at two-thirds of the left
ventricle depth. A short-axis mid-papillary view was
used. The depth of the image was adjusted to just cover
the distal myocardium. A 30-mm low-attenuation sili-
cone rubber spacer was used between the transducer
and the anterior epicardium. Water-based ultrasound
coupling gel was used for all acoustical interfaces.

Seven drug product injections were performed per
animal, as detailed in Table 1. In addition to measurement
in the ex vivo system, measurement was also performed in
the in vitro bubble sizing system in parallel. All sonome-
try measurements were initiated 10 s before injection.
Digital images were recorded and stored in the scanner
prior to each injection and 90 s post-injection. In-line
activation was used for injections 4 and 5, where ultra-
sound activation was applied to the catheter line during
the injection procedure. The same catheter with in-line
activation was also measured in the in vitro system. The
Table 1. Study desig

Task (in sequence)

Intravenous injection at in vivo dose
Catheter administration into the left atrium of in vivo dose with imaging activ
Catheter administration into the left atrium with inline acoustic cluster techno
Intravenous administration with imaging activation; close venous end of shun
measurement cell dose is adequate

Intravenous administration with imaging activation; close arterial end of shun
measurement cell dose is adequate

Intravenous administration with imaging activation
rate of shrinkage of activated ACT bubbles was studied
after intravenous injection and activation by imaging ul-
trasound. The value of the rate of shrinkage at arterial
pressure is required for the yield calculation (the param-
eter a2). The flow through the extracorporeal shunt was
stopped at peak bolus concentration, about 30 s after in-
jection of the substance. The shunt circulation was
stopped either by closing a valve in the arterial line of
the shunt or by closing a valve in the venous line. This
gave a hydrostatic pressure in the measurement chamber
that is either the mean arterial pressure or the venous pres-
sure. Because the measurement chamber was located
approximately 25 cm below the level of the animal’s
heart, the pressure in the chamber became consistently
2.7 kPa higher than the physiologic pressures. The half-
time of bubble shrinkage was read directly from the gas
volume recording as the time from peak (time point of
stopping shunt flow) until the volume was reduced to
50% of the peak value. The pressures were measured
from catheter/transducer measurements of arterial pres-
sure, assuming a venous (jugular vein) pressure of zero.
Dosing
The acoustic measurement chamber has a limited

range of doses that can be measured, and the dose
selected was chosen to span this range. Three doses
were administered, 0.63, 1.25 and 2.5 mL drug product/
kg body wt, termed half, standard and double, respec-
tively, in Table 1. At least 15 min was given between in-
jections. Injections were performed with an 18G needle
through a rubber membrane port on a forelimb Venflon
intravenous cannula. On some occasions, injections
were performed into the left atrium of the heart via a short
polyethylene catheter, either with or without prior activa-
tion of the drug product by ultrasound ex vivo (in-line
activation). Left atrium injections were slow (20 s) to
simulate the temporal dispersion of the bolus during
normal lung passage. Because of the need for diluting
the injected sample for the ex vivo ultrasound exposure
to penetrate into the fluid, the atrial injections were
further diluted with isotonic saline to a total volume of
20 mL.
n injection list

Injection no. Dose

1 Standard
ation 2 Standard
logy activation 3 Standard
t when 4 Standard

t when 5 Standard

6 and 7 Half and double standard
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RESULTS

Simulation results
Coulter sizing of the emulsion droplets is illustrated

in Figure 3. The volume-weighted median diameter of the
emulsion droplet distribution is 2.8 mm. The simulated
radius–time curve for an activated bubble from an initial
droplet diameter of 2.8 mm is illustrated in Figure 4, for
a bubble in Isoton II at 37�C and 85% air saturation
(in vitro sonometry cell conditions). The activated bubble
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Fig. 4. Simulated radius–time curve for the ACT bubble diam
(solid line), for a 2.8-mm oil droplet in Isoton II at 37�C and
37�C is 69 kPa. ACT 5 activated acoustic cluster technology
reaches amaximumdiameter after 12 s of 22.4mmand has
a lifetime of 2 min 55 s. The partial pressure of PFMCP at
37�C is 69 kPa, and bubbles may re-condense at partial
pressures above this. However, this occurs when the diam-
eter of the bubble is ,4 mm and the bubble will be free
flowing in the microvasculature. For comparison, a 3.6-
mm activated droplet reaches a maximum diameter after
20 s of 29 mm and has a lifetime of approximately 5 min.

Figure 5 is the simulated volume–time curve
assuming complete activation of all microdroplets and
one microdroplet per cluster (eqn [20]). Illustrated are
bubble populations in Isoton II at 37�C and 85% air satu-
ration (in vitro sonometry cell conditions) and in blood at
37�C with 98-kPa blood gas saturation and 13.3 kPa
blood pressure and 2.7 kPa excess pressure because of
the cell being placed 25 cm below the heart (ex vivo extra-
corporeal flow cell conditions). The ratios of the peak gas
volumes in the measurement cells to the administered oil
volume are 429 and 409 for the in vitro and ex vivo cell
conditions, respectively.
Numerical inversion performance estimates
The bias of the recovered estimate of the volume-

weighted full width half-maximum of the bubble popula-
tion is ,4%, and the 95% confidence interval is ,5% of
the input simulation values. The bias of the volume-
weighted median diameter is less than mm, and the 95%
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ACT 5 activated acoustic cluster technology.

Table 2. Cluster concentration in acoustic cluster
technology test item in various size classes as determined
by flow particle image analysis microscopy, measured in

5% human serum albumin and Isoton II

Dilution medium

mill/mL

,5 mm 5–10 mm 10–20 mm 20–40 mm

Human serum
albumin

154 6 23 1.6 6 0.1 nd nd

Isoton II 128 6 15 27.5 6 2 5.4 6 1.1 0.3 6 0.2

nd 5 not detectable.
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confidence interval is ,1 mm of the input simulation
values. For the recovered total bubble volume, there is
an approximate23% bias, and the 95% confidence inter-
val is ,7%.

Measurement in vitro
To determine the precision of the sonometry system,

six measurements were performed. Two samples from
each of three vials were analyzed. The ratio of the peak
volume of gas in the measurement chamber to the oil
volume administered (mL/mL) had a mean of 389 with a
relative standard deviation of 3.5%. Dividing the mean
of 389 by the simulated peak gas-to-emulsion volume
ratio of 429 for in vitro cell conditions gives an estimate
of the yield of activation (% volume of oil vaporized)
of 91%.

Changing the in vitro cell from Isoton II at 37�C and
85% gas saturation to 5%HSA at 37�C and 85% gas satu-
ration produced a reduction in peak gas volume of 51%,
reducing the yield of activation to 45%. Parallel-flow
particle microscopy analysis of the cluster size distribu-
tion was performed under the same dilution medium
conditions (Isoton II and HSA). Table 2 indicates that
there is a preferential breakup and loss of larger clusters
in HSA compared with Isoton II.
Influence of scanner MI on activation in vitro
In vitro activation was quantified for the complete

range of scanner outputs (on screen scanner MIs ranging
from 0 to 1.0). No activation was measured with the three
output settings which displayed an MI of 0.0. There were
eight output settings with a displayed MI of 0.1. At the
lowest output setting in this range, there was a small
amount of activation (�10% of the peak volume fraction
measured with maximal scanner output). At the highest
output setting with an onscreen MI of 0.1, activation
reached .90% of the peak volume fraction measured
with maximum scanner output. At the first setting with
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a displayed output of 0.2, a 100% peak volume fraction
was measured, which remained constant for all subse-
quent output settings up to a displayed MI of 1.0.

The MI is defined as MI5 pr:3ðzspÞffiffiffi
fc

p , where pr.3(zsp), is
the peak rarefractional pressure derated by 0.3 dB/cm/
MHz, to the point on the beam axis where pulse intensity
is maximum. fc is the center frequency of the transmitted
pulse. The index is made unitless by multiplying by
[(1 MHz)0.5/(1 MPa)]. Compensation for derating if
attenuation is considered negligible in the in vitro mea-
surement cell provides an MI of 2.4 experienced by the
ACT clusters with the imaging system and scanning
mode used here, for maximal activation.

Measurements in extracorporeal flow circuit
A typical example after intravenous injection of the

recovered number of bubbles in the extracorporeal flow
circuit as a function of time is illustrated in Figure 6
(D2 injection 1). Selected time points have been chosen
for clarity of display from measurements performed
once every 3 s. The measured attenuation and velocity
dispersion and modeled values from the inversion proce-
dure used to calculate bubble number density at the time
of peak volume concentration in the cell are illustrated in
Figure 7. The value of the parameter Qm, which indicates
the quality of the inversion for this measurement, is 0.96.

The recovered bubble population volume concentra-
tion in the extracorporeal flow circuit for injection 1 at the
time of peak volume fraction in animal D2 is illustrated in
Figure 8, along with the predicted values from eqn (13).
Only the first 2 min of measurement data is shown for
clarity of display. The inversion quality metric, Qm, was
.0.95, indicating reliable inversion data, when the vol-
ume concentration was above 0.5 ppm. The recovered
arterial concentration after correction for cardiac output,
flow through cell, transit time to cell and bubble popula-
tion lifetime is shown in Figure 9. The recovered volume-
weighted activated bubble population size distribution for
injection 1, at the time of peak volume concentration in
D2, is illustrated in Figure 10 along with the predicted
size distribution from the model (at the time of peak vol-
ume concentration). There are no bubbles .44 mm in
diameter.

The volume-weighted bubble diameters after
intravenous injection (injections 1, 6 and 7) measured
under arterial conditions are given in Table 3. The
mean value of these observations is 21.4 mm. The
values after left atrium injection are given in Table 3
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Table 3. Volume-weighted median diameters for
injections 1, 2, 6 and 7 in the three dogs*

Injection no.

Diameter (mm)

Dog 1 Dog 2 Dog 3

1 19.7 22.2 20.5
2 22.0 25.3 23.4
6 21.7 22.3 21.8
7 21.3 21.3 21.6

* Injection 2 is the left atrium injection. Injections 1, 6 and 7 are for
intravenous administration.

Table 5. Yield of activation*

Injection no. Dog 1 Dog 2 Dog 3

2 72.2% 79.0% 58.0%
1 16.3% 27.1% 16.7%
6 25.2% 35.3% 20.1%
7 22.7% 36.6% 19.3%
Mean 21.4% 33.0% 18.7%

* Injection 2 is the left atrium injection. The mean is the mean of
intravenous injections 1, 6 and 7.
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(injection 2). The mean of these observations is
23.6 mm. Note that the bubbles are slightly larger
than after intravenous injection, but not significantly
so (paired t-test, p 5 0.16).

Measurements for the rate of shrinkage of the ACT
bubbles at arterial and venous pressures for the three ani-
mals are listed in Table 4. The mean values at arterial and
venous pressures are 20 and 36 s, respectively. There is
faster decay at arterial pressure (paired t-test,
p 5 0.002) caused by the elevated partial pressure of all
gases inside the bubbles, giving larger gradients for out-
ward diffusion. The measured 20-s value was used for
the value ofa2 in eqn (19) for the ex vivo yield calculation.

Yield of activation. Table 5 lists the calculated yield
of activation after intravenous injection. Note that animal
D2 has higher values than the other two animals. The
mean (standard error of the mean [SEM]) of all measure-
ments is 24.4% (2.5%). The yield of activation after left
atrium injections is given in Table 5 (injection 2). The
mean (SEM) of all measurements is 69.7% (6.2%).
Note that the yield is higher after left atrium injection
than after intravenous injection (two-sample t-test,
p 5 0.019).

In vitro to ex vivo yield comparison. To verify the
operation of the extracorporeal shunt measurements and
the yield calculation, control analysis was performed us-
ing ex vivo and in vitro bubble sizing. The in-line catheter
activation delivered the same dose of activated bubbles
directly into the left atrium (measured in the extracorpo-
real chamber) and into the in vitro chamber. Ultrasound
imaging activation in the left ventricle was suspended
during this in vivo injection. The ratio of calculated yield
measured ex vivo to the yield measured in vitro was 0.81,
Table 4. Volume half-time at art

Dog 1

Pressure in chamber Half-time Pressure in cha

Arterial 87 mm Hg 21 s 87 mm Hg
Venous 20 mm Hg 38 s 20 mm Hg
1.05 and 0.95 for D1, D2 and D3, respectively
(mean 5 0.94), showing consistency between the
in vitro and ex vivo yield calculations.

Bubble numbers for intravenous injections. The
inversion procedure recovers bubble numbers with diam-
eters in 2-mm bins from 4 to 80 mm. The bubble numbers
produced were classified into two groups: bubbles with
diameters from 10 to 25 mm and bubbles with diameters
.25 mm. The numbers produced for all intravenous injec-
tions are listed in Table 6 and are dose and weight cor-
rected to a dose of 10 mL drug product/kg body wt.
Ninety-one percent (SEM 5 0.5%) of the bubbles are
in the size group 10–25 mm.

B-Mode imaging contrast enhancement and num-
ber of activated bubbles. B-Mode contrast enhancement
in the myocardium was calculated by linearizing the
digital images acquired with the ATL scanner before
and 90 s after injection (see Fig. 11 for example images).
The echo enhancement relative to myocardium (linear
backscatter intensity divided by linear backscatter inten-
sity with no agent present) tissue background is plotted
as a function of measured total bubble numbers per
kilogram body weight in Figure 12. A least-sum-of-
squares regression line with a forced zero intercept is
shown with a slope of 281 mg/bubble. This indicates
that a dose corresponding to one activated ACT
bubble per 281 mg myocardial tissue (3560 bubbles/
kg) will generate an echo enhancement equal to the
baseline echo.

The slope of the regression line fitted to the
measured bubble number from intravenous injection
versus dose of drug product is 56 3 106 bubbles/mL
drug product. This allows calculation of the total number
of activated bubbles (N) at a typical imaging dose of
10 mL drug product/kg body wt, in an 18-kg animal:
erial and venous pressures

Dog 2 Dog 3

mber Half-time Pressure in chamber Half-time

18 s 88 mm Hg 21 s
33 s 20 mm Hg 36 s



Table 6. Estimated total numbers of bubbles in arterial blood after intravenous injection and ultrasound imaging activation*

Injection no.

Dog 1 Dog 2 Dog 3

10–25 mm .25 mm 10–25 mm .25 mm 10–25 mm .25 mm

1 0.422 3 106 0.034 3 106 0.468 3 106 0.055 3 106 0.357 3 106 0.026 3 106

6 0.373 3 106 0.039 3 106 0.618 3 106 0.073 3 106 0.333 3 106 0.035 3 106

7 0.389 3 106 0.040 3 106 0.727 3 106 0.073 3 106 0.348 3 106 0.034 3 106

Mean 0.395 3 106 0.038 3 106 0.605 3 106 0.067 3 106 0.346 3 106 0.032 3 106

* The numbers have been adjusted to correct for the different dose levels used (to 10 mL drug product/kg body wt).
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N5
56,106

ml
,10

mL

kg
,18kgz1:0,107 (21)

Cardiac output (CO) was measured to be 1900 mL/
min. Assuming a normal perfusion in resting myocar-
dium (Qc) of 70 mL/min per 100 mL tissue, the number
concentration of deposited bubbles in myocardial tissue
(CN) after injection of 10 mL/kg ACT is

CN 5N,
Qc

CO
5 1:0,107,

70, mL
min,100mL

1900 mL
min

z
3700

mL
(22)

or about 4 bubbles/mm3 (at the 10 mL/kg drug product
dose). Similar calculations might be performed for all
other tissues receiving an arterial blood supply if their
perfusion is known.
DISCUSSION AND CONCLUSIONS

Figure 6 illustrates the inversion data for the bubble
population number distribution with measurements per-
formed once every 3 s. There is a good correlation across
measurement time points. The inversion model-versus-
measurement plots in Figure 7 indicate a good fit to the
model, as quantified by the inversion quality metric.
Fig. 11. B-Mode images of dog myocardium (left) before and
injection at a dose of 2.5 mL drug product/kg body wt. There is a

B-mode
The analytical precision observed in the in vitromeasure-
ments indicates a robust methodology, strongly corrobo-
rated by the consistency between results obtained from
in vivo activation and measurements in the extracorporeal
chamber.

The vast majority of ACT bubbles generated in vivo
are,40 mm in diameter. Table 3 indicates that the volume
weighted median diameter lies between 20 and 22 mm,
from intravenous administration. Table 6 indicates that
91% of the ACT bubbles generated are ,25 mm in
diameter. This implies that the ACT bubbles are likely
to lodge at the capillary level. In Figure 8 is a typical
measured bubble population distribution (at peak volume
in the cell), which indicates good correspondence be-
tween the experimental data and model predictions
from the emulsion Coulter characterization data.
Figure 10 is the volume–time curve from a typical
ex vivo measurement from intravenous injection. The
simple model used to calculate yield indicates a good fit
to the measured data.

The activation yield in the in vitro measurement
chamber is 91% and drops to 45% when the fluid in the
chamber is changed from Isoton II to HSA. On the basis
of the microscopy data in Table 2, this reduction is appar-
ently due to a disintegration of clusters. HSA more
(right) 60 s after acoustic cluster technology left atrium
17-dB increase in myocardial backscatter in fundamental
.
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closely mimics the in vivo whole-blood environment.
Similarly, on intra-atrial administration of ACT (bypass-
ing the pulmonary circulation), a 69% yield of activation
is measured, which drops to 24% (a loss of 65% by gas
volume) on intravenous administration. Breakup of
larger clusters in whole blood may account for the major-
ity of this reduction on intravenous administration, as
indicated by the in vitro measurements in Isoton II and
HSA. Other mechanisms may include ‘‘trapping’’ of
larger clusters or a small fraction of activated bubbles
in the lung capillaries. The ultrasound threshold of acti-
vation for ACT clusters is low (MI .0.1), and it is
feasible that there is some exposure of the right ventricle
to ultrasound capable of activating a portion of the com-
pound in the pulmonary circulation with subsequent
trapping in the lungs.

The acoustic inversion methodology has been vali-
dated in the literature (Wu and Chahine 2010), by com-
parison with optical photography (10 to 3000 mm
range). Similar validation measurements have been per-
formed with optical microscopy for the sonometry sys-
tem (Sontum et al. 2015a). In silico simulation around
the operating point of the ex vivo extracorporeal cell indi-
cates a robust inversion procedure, assuming the bubble
model is correct.
The model of bubble growth and dissolution
described in this article has several limitations. It does
not contain the gas contribution from the microbubble
in the cluster. However, as microbubbles and oil micro-
droplets are of similar volume, this error term is on the or-
der of a few percent of the final bubble volume and can be
neglected. The parameters used for diffusion and Ostwald
coefficients are not for whole blood. The values for com-
mon (air) gas coefficients in blood and tissue are scarce
and have been reviewed (Langø et al. 1996). Solubility
coefficients for water may be used as a good approxima-
tion, apart from fatty tissues. The PFMCP oil used is a
perfluorinated hydrocarbon. The carbon–fluorine bond
is powerful (120 kcal/mol). Because of the very powerful
bonds, PFCs cannot bind to any protein or enzyme
(Spiess 2009) although they are more soluble in lipid
membranes, and thus, it is assumed that there is no
‘‘sink’’ due to protein binding that may significantly alter
solubility. However, the PFMCP solubility value used in
the simulation is calculated and only an order of magni-
tude estimate. The main shortcoming of the bubble
growth and dissolution model is that it is for a stationary
bubble in a fluid and does not incorporate a convective
term. This may be more appropriate for bubbles ‘‘trap-
ped’’ in the microvasculature, but bubbles not trapped
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will experience a convective term, that is, the in vitro and
ex vivo measurement cells which incorporate stirring.
Thus, bubble populations in the measurement chambers
are expected to have shorter lifetimes than those depos-
ited in tissue. A mathematical model has been reported
(Branger and Eckmann 1999) for examining the effect
of the cylindrical nature of a bubble trapped in the micro-
vasculature on its lifetime. The model gives longer bub-
ble lifetimes (#50%) than for spherical bubbles, which
has also been observed in vivo (Branger and Eckmann
1999; Branger et al. 2001).

With the limitations and shortcomings stated, based
on the consistency between the modeled and measured
data, the model does seem to predict with reasonable ac-
curacy the behavior of the ACT system, both in vitro and
in vivo.

As the ACT bubbles are much larger (20–30 mm
diameter) than conventional commercially available
contrast agents (1–6 mm), they are able to produce signif-
icant backscatter in fundamental imaging mode at low
dose (see Figs. 11 and 12). The number of activated bub-
bles at a dose of 10 mL drug product/kg body wt has been
estimated to be 10 million. This number gives a myocar-
dial echo enhancement of approximately 30 dB in funda-
mental imaging mode.

The measurements of bubble number generated after
injection of a dose are based on indirect measurements in
the ex vivo chamber connected to the animal’s circulation
system. Only a small fraction of the injected substance
will be diverted into the analysis chamber, and determina-
tion of total bubble numbers depends on calculations that
incorporate variables such as the actual flow through the
extracorporeal shunt, the volume inside the chamber and
the cardiac output of the animal (as measured by thermo-
dilution). Verification of correct measurements and calcu-
lations in all animals was obtained by parallel in vitro
analysis with in-line sonication activation of the injected
samples.

The current study has demonstrated the ability to
perform accurate and reproducible measurements of acti-
vated ACT bubble numbers and size, both in vitro and in
arterial blood of dogs. The measured bubble numbers are
closely related to imaging efficacy (Fig. 12).
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APPENDIX
Dynamic bubble growth model
For the initial vaporization of the oil droplet, assuming an ideal

gas, the volume of gas at a given pressure inside the bubble, pb, liberated
from a volume of oil is given as (ignoring the volume of gas contributed
by the Sonazoid bubble)

Vg

�
vpf ; pb

�
5
vpf3rpf3Na3kb3T

mwpf3pb
(A1)

Body temperature is assumed to be 310 K. Assuming spherical
bubbles and liquid droplets, and zero surface tension, the expression
for the bubble diameter as a function of droplet diameter at a given pres-
sure is given by

Dbðpb;DdÞ5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rpf3Na3kb3T

mwpf3pb

3

s
3Dd (A2)

If we include surface tension, the expression for pressure is

Pw 5 pb2
4t

Dbðpb;DdÞ (A3)

Combining equations we have a cubic for the bubble diameter:

PwD
3
b14tD2

b2C5 0;C5
vpf3rpf3Na3kb3T36
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(A4)

The solution is the real valued root:
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For 3.6- and 2.8-mm PFMCP droplet diameters, vapor droplets di-
ameters are 18.23 and 14.04 mm, respectively (at atmospheric pressure
in Isoton II at 37�C).

After vaporization there will be an initial inward diffusion of
blood gases and water vapor, causing further bubble expansion, and
an outward diffusion of PFMCP. A model for the growth and dissolution
process based on Kabalnov et al. (1998) is presented next.

At mechanical equilibrium, we have

�
Cpf1CA

�
RT5 pA1ppf 5

2t

r
1patm1pblood (A7)

The steady-state diffusional flux is

Jpf 52
d

dt
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With the obvious analogous definition for JA. It is assumed that
cpfðNÞ5 0; thus, we have
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Here we allow for under saturation of air by incorporation of the
term pair

RT . We use the following dimensionless parameters and variables:
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One obtains
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Eliminating variables, we arrive at the expression

dr

dG
5
23dLAðA2pdr

3Þ23Lpf ðmr21ð11wÞr32AÞ
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We now have three differential equations with initial conditions

Fð0Þ5Xpfðm1w11Þ;Að0Þ5 �12Xpf

�ðm1w11Þ; rð0Þ5 1 (A13)

where Xpf is the mole fraction of PFMCP at t 5 0. This system is in a
form that can be solved numerically with an ordinary differential equa-
tion solver.

Selection of parameters
The values of the parameters used in the simulations are summa-

rized in Table A1.

Surface tension. The value for surface tension in Isoton II of
0.052 N/m was used. Isoton II contains 0.3% by weight ethylene glycol
phenyl ether, which may reduce this value for the bubble surface, so this
is an upper limit. The value of vbmax determined from the simulation
(eqn [20]) increases by ,10% when the surface tension is reduced to
0.035 N/m. The value of the surface tension of blood is taken to be
0.052 N/m (Rosina et al. 2007).

Diffusion coefficients. The diffusion coefficient of PFMCPwas
estimated using the Hayduk–Laudie equation for the molecular volumes
of fluorocarbons (Hayduk and Laudie 1974):

D5 13:26,10253h21:143V20:589
m 5 9:6241,10210m2=s (A14)

The dynamic viscosity of water at 37�C was employed, estimated
using

A310
B

ðT2CÞ 5 0:69244 mPa,s; A5 2:414,105 ðPa$sÞ; B5 247:8 K;

C5 140 K

(A15)

The diffusion of air in water at 25�C is 2.00 3 1029 m2/s. An
approximate dependence of the diffusion coefficient on temperature in
liquids can often be found using the Stokes–Einstein equation, which
predicts that

DT1

DT2

5
T1

T2

3
mT2

mT1

(A16)

where T1 and T2 denote temperatures 1 and 2, respectively,D is the diffu-
sion coefficient (cm2/s). T is the absolute temperature (K) and m is the
dynamic viscosity of the solvent (Pa$s). This gives an estimate of
2.6847 3 1029 m2/s at 37�C.

Water solubilities and Ostwald coefficients. Quantum me-
chanical and physical descriptors were calculated using HyperChem. A
model describing the water solubility was then made from these descrip-
tors and the measured water solubility by using Unscrambler. Prediction
of the solubility of PFMCP gave an aqueous solubility of 6.89 3 1026

[M] and anOstwald coefficient of 3.4453 1024. Thevalue of theOstwald
coefficient for air used was 1.71 3 1022.
Acoustic bubble model
The inversion requires an accurate model of the interaction of

bubbles with the incident sound field. A number of models for the prop-
agation of non-linear pressure waves in bubbly liquids are available in
the literature (Ainslie and Leighton 2011). Here we restrict measure-
ments to the propagation of low-amplitude acoustic waves, which effec-
tively places measurements in the linear region; hence a linear model is
employed. We also restrict consideration and measurements to bubble



Table A1. Simulation parameter values

Parameter In vitro Ex vivo

t 0.052 N/m 0.052 N/m
patm 101 kPa 101 kPa
pair 85 kPa 98 kPa
pblood 0 kPa 16* kPa
LA 1.71 3 1022 1.71 3 1022

LF 3.445 3 1024 3.445 3 1024

DA 2.68 3 1029 m2/s 2.68 3 1029 m2/s
Dpf 9.62 3 0210 m2/s 9.62 3 10210 m2/s
Xpf 1 1

* 13.3 kPa average arterial pressure 1 2.7 kPa as the cell is 25 cm
below the cardiac chamber.
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densities for which the Foldy (1945) approximation is applicable. Rele-
vant theory is presented in Commander and Prosperetti (1989). The
equations used are summarized in the following.

The complex sound speed, cm, for sound propagation in a homog-
enous bubbly mixture is given by

c2

c2m
5 114pc2

ðN
0

aJðaÞda
u2

02u212ibu
(A17)

Here J (a) is the bubble density and J (a) da is the number of
bubbles per unit volumewith radius in the interval (a, a1 da). Formally
there is also a time dependence associated withJ that we wish to mea-
sure. However, the functionJ is considered independent of time during
the time scale of a single measurement, and therefore, J is modeled as
time independent for the inversion of a single measurement set. Setting
c=cm 5 u2iv, the phase velocity, V, of the sound wave is

V5 c=u (A18)

and the intensity attenuation coefficient, a, in decibels per unit length, is
given by

a5 20ðlog10eÞuv=c (A19)

b is the total damping. The damping expressions used are
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where Dg is the gas thermal diffusivity, g is the ratio of specific heats, m
is the liquid viscosity and s its surface tension. p0 is the undisturbed
pressure in the bubble given by p0 5 pN12s=a, and pN is the equilib-
rium pressure in the liquid.

The resonance frequency, u0, is provided by

u2
0 5

p0
ra2
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The preceding model provides expressions for the principal
acoustic properties of linear waves propagating in a bubbly medium
and is relevant to a homogeneous population of free gas bubbles at
low volume fraction.
Model limitations
The acoustic model used relies on the assumption for the case of

radial motion of the bubble wall only. Other modes of vibration are not
incorporated. This will not be as valid an assumption for ‘‘trapped’’
in vivo bubbles, but is reasonable for bubbles in the in vitro and extracor-
poreal measurement chambers. The possibility exists for non-linear
coupling of activation fields and low-frequency pulse used for bubble
sizing. However, experiments reveal that the acoustic sizing signal is un-
affected by the presence or absence of the activation field for the exper-
imental conditions imposed.

The specific constituents of the gas content of an activated bubble
have not been directly measured and may vary with time. Thus, there
may be some uncertainty in the exact value of g. The bubble dynamics
model requires values of the physical constants m and s. These values are
not known exactly. At present the values for air and water or blood are
used. The preceding model is for ‘‘clean’’ bubbles without a shell. Acti-
vated bubbles may be intrinsically ‘‘dirty’’ because of remnants of the
contrast agent bubble and surfactant shells and accumulation of blood
proteins at the blood gas interface, altering its resonance properties.

The applicability of the Foldy approximation will depend on the
acoustic wave and bubble population. Commander and Prosperetti
(1989) have reviewed the correspondence of the published data for
linear waves in bubbly fluids with the accompanying theory. Correspon-
dence deteriorates at volume fractions as low a 1e24, when the fre-
quency of the wave is around the resonance frequency of the bubble
population. This is attributed to the dramatic increase in scattering cross
section around resonance. This resonant increase in interaction with the
sound field effectively makes the void fraction ‘‘appear greater’’ to the
acoustic wave than it actually is. The model will obviously fail if the
average pressure field exciting the bubble is on the same order of magni-
tude or smaller than the scattered field from a neighboring bubble. This
imposes the limitation�

a=d

�
u
���u2

02u212ibu
��DD1 (A24)

where d is the distance between the bubbles. If this is quantified as the
average inter-bubble distance n21=3, then the inequality may be ex-
pressed as n

2 =

3sshh1. Other limits appear in the multiple scattering liter-
ature, such as, nss=khh1 (Waterman and Truell 1961), and nas1=2

s hh1
(Twerski 1962).
SYMBOLS

a Bubble radius

d Average inter-bubble distance

ss Bubble scattering cross section

se Bubble extinction cross section

u Angular frequency

u0 Bubble resonance angular frequency

n Number of bubbles per unit volume

Dg Gas thermal diffusivity

k Angular wavenumber

cm Complex sound speed in bubbly mixture

a Intensity attenuation coefficient

V Phase velocity

b Damping constant

J Bubble number density

g Gas thermal diffusivity

m Liquid viscosity

s Surface tension

p0 Pressure inside bubble

pN Equilibrium liquid pressure

a (f) Frequency-dependent attenuation function

Bj (a) jth linear B spline

bj Volume fraction

dc0j Predicted sound speed anomaly

dc
00
j Measured sound speed anomaly

Dcj Difference between dc0j and dc00j
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Vg Volume of gas

vpf Volume of pf-MCP liquid

ppf Partial pressure of PFMCP vapor

pair Partial pressure of air

patm Atmospheric pressure

pblood Systemic blood pressure

rpf Mass density of PFMCP, 1.7 3 103 kg/m3 for PFMCP

mwpf Molecular weight of PFMCP

Na Avogadro’s number

kb Boltzmann constant

T Temperature

Db Diameter of gas bubble

Dd Diameter of liquid droplet

Dpf, DADiffusion coefficients of pf-MCP and air, respectively

Lpf, LA Ostwald coefficients of pf-MCP and air respectively

t Surface tension

Pw Pressure in the surrounding fluid phase

pw Partial pressure of all gases in the surrounding fluid phase
R Gas constant

t Time

CA, Cpf Concentrations of air and pf-MCP, respectively

cA, cpf Concentrations of air and pf-MCP in liquid, respectively

Jpf Steady-state diffusional flux of pf-MCP

r0 Bubble radius at time 0

m5 2t
patmr0

Dimensionless Laplace pressure

w5 pblood
patm

Dimensionless systemic pressure

r5 r
r0

Dimensionless radius

d5 DA

Dpf
Ratio of diffusion coefficients

cA 5
CART
patm

Dimensionless concentration of air in the bubble

cpf 5
Cpf RT
patm

Dimensionless concentration of pf-MCP in the bubble

G5 Dpf

r2
0

t Dimensionless time

F5cpf r
3 Parameter

A5cAr
3 Parameter

pd 5
pair
patm

Dimensionless relative air partial pressure

Xfp Mole fraction of pf-MCP at t 5 0
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