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ABSTRACT

Ultrasound microbubble (MB)-enhanced imaging is ently applied in the clinic for heart and liver giesis. The
potential use of quantifying microvascular flow heesen researched for over 20 years. The necessiiyvestigating
the acoustics of single MBs stems from the lack sihgle or a predictable distribution of their asticiresponses. In
other words investigations of MB clouds are limitadoroviding information on the individual scatswmponents,
thus making difficult the comparison of experimértad theoretical data, but also the assessmehegierformance
of signal processing algorithms. Single MB acoustiesasurements have provided high quality datartet ad-

vance MB theory and signal processing research. Wethelp of accurate calibration of MB scattesipossible to
observe and study physical phenomena such as resgrtae onset of transient cavitation, MB crackihg, differ-

ent contributions of the shell, gas and environniecitiding narrow tubing, and the various decay ma@ésms. It is
possible to capture large sample sizes of sigrsatibutions and enable thorough signal processiradyais without

the prerequisite of a model for MB behaviour.

INTRODUCTION

Sub-capillary sized gas microbubbles (MBs), encatedlin
a thin shell, and have been introduced in receatsy® im-
prove the visualisation of the vascular bed undemhodality
of contrast enhanced ultrasound (CEUS) [1,2]. Ndgmial

the form of an injectable they are stable and hsivalar

rheological properties to red blood cells [3]. Irmagpntrast
enhancement is available for several seconds, ambst up
to a few minutes. The goal of the modality is teess blood
flow at microvascular level. The most successfidaar of
CEUS to date include cardiology and liver radiol¢gp].

The potential of molecular imaging applicationseigplored
with the development of site-targeted MBs that mitgch to
specific markers of disease [6]. Further, MB mayo adsl-
dress localised drug and gene delivery [6], whidmnpses to
combine therapy with simultaneous pathology momitpr
recently termed “theranostics”. Considering the lowst,
portability, good spatial and excellent temporaiotation of
ultrasound imaging and the fact that it is one lod tost
widely available diagnostic imaging modalities,e@<h into
the above areas may provide a high pay-off.

The choice of ultrasound contrast materials inftmen MBs
is obvious as a gas bubble in a liquid interfaceld/@rovide
maximum Rayleigh scatter [7]. However, it is shownatt
MBs do not remain linear scatterers in the preserfiadtra-
sound unlike most imaging modalities’ contrast raedn-
cluding amongst others X-ray, magnetic resonanak ran
dionuclide imaging technologies. It is this compfenlinear
interaction of MBs with ultrasound that stimulatedvery
active research field that is yet to realise itsgotential.
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EARLY EXPERIMENTAL PROCEDURES

The understanding that bubbles oscillate nonliyearhd
resonate in the presence of an acoustic field tdstity pre-
cedes encapsulated MBs [8]. The nonlinear natur®&Bf
scatter spectra was demonstrated early on withakigoro-
duced using narrow band transmitted pulses [9-Ekperi-
mental investigations in these early days emplgyedocols
that were inherited by linear scatterer acoustidse fre-
quency response of MBs was originally measured using
bursts [12-24], and was later criticised as atténnaspectra
from broadband transmission are strongly dependerihe
centre frequency of the transducers and differifiogmtly to

narrow band transmission data [25].

Another common approach utilised MB populations 228§,
The use of a linear scatterer suspension to ctditiree re-
ceiver was proposed as an alternative to the pgerééector
[28-29], which was commonly used.

A more important problem however is attached touatio
signals that are generated from MB populations.tkerMB
Quantisof™ it was shown that there are two subpopulations
of scatter, a weak and strong one [30], and it praposed
that such backscatter measurements are of limiédbe\if a
single distribution of scatter is assumed [31] renfise that
underlies studies that used MB populations. In ggnea
successful MB model is not available. Thus, fittegpustic
data to a theoretical distribution of responsgwdhibitive.

Finally, another aspect of acoustic measurementis MB
populations is the transmit field. The positiontbé scatter
response can only be assessed axially. This maahsviB
responses cannot be discriminated across the wititine
beam. Thus MBs are exposed to a range of acousssyes
from the peak, which is in the centre, to zero. Whiee
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acoustic pressure is not very low, then nonlineapagation
makes this problem more complex and the speciabsire
of the transmit beam across its width changes dieatly.
Even if attenuation is negligible, the recordednalgis the
accumulation of nonlinearly responding MBs to thiesldf
parameter range. It therefore becomes obviousittimtdeal
to study MBs in isolation at well calibrated locatitor both
the transmit and receive beams.

FEASIBILITY OF SINGLE MICROBUBBLE
MEASUREMENTS

It is possible to detect single MB echoes, counmttend
measure their scatter [32-35]. This initial workniomed
that the number of scatter events from Deffhifizantheus
Medical Imaging, N. Billerica, MA, USA) MBs is almost
identical to the estimated number of MBs in the oagof
interest [33]. This improved the physical underdtag of the
scatter mechanism of the rigid-shelled Quanfi¥orThe
number of counted scatterers correlated with a@yses-
sure, inferring a leaking or cracking process tefgases gas
from the shell that otherwise seemed intact afteasonic
exposure [21,33]Another important finding was that the
scatter from lipid shelled Definifywas similar to Quanti-
son™ free gas bubbles above 1MPa, confirming MB destruc-
tion. At acoustic pressures lower than 0.7 MPa rigff
provided larger scatter than QuantiS8nwhich was attrib-
uted to the soft lipid shell.

The above work led to the construction of an adoussttup

for the acquisition of single MB scatter [36], andbse-

quently to the need of a precise calibration apgrodhe

transmit calibration is straight forward with theeuof a
hydrophone. The experimental procedure requirey anl
good alignment method with the peak amplitude axithe

beam in order to ensure that the calibrated peagspre and
spectral content is used for MB exposure. The veceiali-

bration is more challenging and is best calibraisohg the
scatter of a small metal sphere at the intendeatitot of the
MB [36]. The use of a theoretical derivation of theatter
from copper spheres enabled a precise calibrafiGtFodata
with 18% uncertainty. Apart from the fundamentaé-fr
quency, the field may be calibrated at tHe ifarmonic gen-
erated by the scatter from the nonlinearly propagéield.

The experimental setup should address some othpariant
aspects. As MBs are required to be in a narrow rstréae
use of narrow tubing is required. However, theistptes-
sures applied onto the MBs should be kept to a mimm
Thus a gravity-fed MB suspension is optimal. Theficora-
tion of the measurement of single MB scatter even&so
important in these measurements. Ensuring that MBs a
sparsely flowing minimises the chance that they bel close
to each other when insonated. This also ensureéd/Ba are
exposed to the ultrasound beam for the first tintha cali-
brated field location, after travelling from a scally
shielded environment. Visual inspection under thieron
scope of MB suspensions to ensure that there isffimitya
between MBs, that may lead to double MBs or clustiers,
recommended.

MICROBUBBLE BEHAVIOUR

A calibrated acoustic system can provide a stetilyi ade-
quate population of MB echoes that facilitates timelen-
standing of their distribution. Within such a pogidn a
distribution of spectral and intensity behaviouraynexist as
well as further information on echo duration andaje[37].
The first data on single biSph&feMBs (Point Biomedical,
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San Carlos, CA, USA) showed that short echo duratwoas
more likely at lower frequencies. It has been shoptically
that a number of MBs perform a small oscillatiorhieh
leads to cracking and subsequent release of gds TB&
ejection of free gas mechanism correlated witheéased MB
echo disappearance in subsequent pulses [37]. Gsshlity
of MB dissolution during an ultrasonic pulse wasoatso-
posed.

BiSpheré" is a rigid shelled agent that encapsulates the wa-
ter-soluble nitrogen, while Definifyis a soft/lipid shelled
MB encapsulating a non-soluble perfluorocarbon. Nuwirig

the recurrence of microbubble echoes from consezwgk-
posures to ultrasound pulses and analysing theatsg con-
tent, apart from an understanding the natural ohsbund
induced decay mechanisms also offers an assessmehe
state of cavitation. Definify/provides increased survival rates
compared to biSphet at 500 kPa peak negative pressures
owing to its lower gas solubility [37]. The increasf acous-

tic pressure provided an increased decay of Dgfirethoes.
Ultra- and subharmonic signatures appear in echoé0
kPa and become dominant above 1200 kPa. Above these
pressures the proportion of echoes that reappeagases,
which is a confirmation of inertial cavitation.

The identification of resonance was an importamdifig. For
the first time primary resonant lipid MB scatteramre iden-
tified as having maximum response at the fundarhdrdga
qguency and, in agreement with theory, presentecelk b
shaped envelope [39]. At 1.6 MHz and 550 kPa peajan
tive pressure 22% of the total number of detect&lddhoes
were identified as resonant, providing 70%, 15% %hth of
the total fundamental, second harmonic and thintnbaic
energy of scatter from the MB distribution respesljy The
rest of the scatter was provided by MBs below rasbsizes.
In these sizes the second harmonic is the domispedtral
component as a secondary resonance takes place [39]

In an attempt to simulate in vivo conditions sinlylB acous-
tic measurements may be performed in narrow tubimijar

to arterioles and capillaries, or attached to aerface which
may simulate molecular targeting conditions. Boltese
experimental systems stem from the previous wiighsl
modifications. BiSphef® MBs showed no significant dif-
ferences in scatter response in the two envirorsnéxntt the
attached MBs showed decreased decay which is op#n to
terpretation [40]. Increased damping and/or deecasack-
ing due to the presence of the wall may be possibhe
same MB showed a slightly decreased scatter andhan i
creased decay in a 200 tube [41]. Tubes that are smaller
(50um) provide significantly increased™?harmonic MB
signatures [42]. This is an important finding ah@vould be
interesting to await future work in vivo.

SIGNAL PROCESSING

The pulsing regimes available in medical ultrasoendip-
ment detect non-linear microbubble signals, make af
microbubble destruction [43,44] or reject tissuedr signals
[45,46], and are mainly signal processing achievemeTis-
sue cancellation has been more successful than MB ec
enhancement because of the better physical unddistpof
the ultrasound scattering properties of tissue 4@b, The
pulse sequence performance relies in principlehembnlin-
ear property of MBs and already has delivered impdov
contrast for ultrasound imaging. MB acoustic experits
showed that an amplitude modulated sequence (AM)moa
generate a response from a large number of saatter¢he
first transmitted pulse [47]. The amount of nonpasling
scatterers rises from 30% at 200 kPa peak negptagsure
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(of the full amplitude pulse) to 90% at 550 kPaeTack of
MB response has been shown for rigid MBs like biSgter
and Quantison, but also for lipid-shelled ones Mkinity®
and SonoVuB" [47]. For lipid bubbles a number of MBs
provide echoes that are below the noise of theiveceand
therefore are not recorded. Subsequently the ecimes-
sponse to the full pulse are above noise. Reson&d Me
more likely to be detected in the half pulse. Aiscreasing
amplitude from the half pulse to the full pulse nenable a
MB, of size slightly below resonance in the half gajlto
become resonant due to spectral broadening of aesenin
the full pulse. Destruction and decay adds furttemplica-
tion. From a signal processing point of view regimgaand
non-resonating MBs provide different performances tfe
AM sequence. In the light of this the AM should<abject to
further optimisation and in general such data destrate that
the design of pulse sequences should be guidenhgle $vIB
echo data. The absence of a successful model of &havs
iour in the complex environment of the in vivo naeascular
space beckons for such an approach.

DISCUSSION - APPLICATIONS

Fast acquisition optical microscopy has offeredreatth of
information previously not available. A range othbeiours
and phenomena have been demonstrated, which pdovide
significant advances to the field of contrast @tnand imag-
ing. Apart from the high cost, however, there ames limi-
tations: Most of the MB data are collected in chajieg
experimental setups from an ultrasound viewpoirit Hiffi-
cult to calibrate the beam in the location of th8 ind the
majority of data are collected in the vicinity oftabe wall,
although feasible otherwise with optical tweezet8][ In
addition the spatial and temporal resolution oficght mi-
croscopy are limiting factors in converting theioally ob-
served MB oscillation into the scattered wave, whighm-
portant in the development of MB specific signal qgassing
algorithms.

Several researchers have measured the scattedpgrpes
of single MBs. Other approaches to the one presemteel
used direct scatter measurement [49-52], scatiemkdecor-
relation [53], scatter in conjunction with radiatigressure
[54], and monitoring with high frequency ultrasouf&b].

The complexity of all such measurements requireseticu-

lous scrutiny upon testing the operation of thestss.
However, it has been shown that a well calibratedls MB

acoustic setup provides highly accurate measuresmamd
can detect small differences in scatter that odmtween
populations of free flowing and MBs that are in &20

tube [41]. Unlike the free flowing single MB measuments
the experiments that measure attached MB echoesane
time consuming as the confirmation of a single MBame
urement is required to be done under the microscopes,

however, gives the added advantage of sizing, whiamot

available in single MB acoustic setups and may birgor-

tant addition.

Theoretical work on MB is not yet conclusive. Duditoita-
tions in the available experimental tools modellingestiga-
tions resort to fitting experimental data to anuassd behav-
iour, particularly for the shell property. A numhzfrtheoreti-
cal models have been proposed to explain the betaeoif
lipid MBs and they appear to converge in lower atious
pressures if an appropriate set of parameterdtésl fio the
data [56]. At higher acoustic pressures a numbénstébili-
ties appear to disturb the spherical oscillatiorwai as the
lifetime of MBs. Using single MB acoustic data itgessible
to simulate the gas leaking mechanism of rigidisdel
biSpheré" that occurs in acoustic pressures of the destruc-
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tive range [57]. A qualitative comparison with thegro-
vided the identification of resonance [39], andwéd that
the fitting of parameters may be improved by a nsygem-
atic comparison between theory and experiment.t&eai
amplitude or energy was used alongside the envelbplee
fundamental component of the signal [39]. The degref
freedom may increase by using the expansion to cessjmn
ratio, phase information, and a wide range of tmhgulse
parameters such as frequency, acoustic pressurguaation.
More experiments in a range of environmental caowlt
such as temperature, ambient pressure, viscostyirathe
presence of a wall or a tube may add valuableidagach an
effort. In addition, the decay may also be vitaltiie com-
parison between theory and experiment, as decayiBg
change in size.

It is important to note that current spectral asizlytech-
nigues are dominated by non-parametric Fourieratgo-

rithms which do not assume any prior knowledgehef sig-

nal structure. Attempting to represent short scaitéses of
only a small number of samples by a large numbedrasis
functions is a wasteful approach. White the Fouransform
can be used to provide an accurate measuremewonuhdnt

spectral maxima in the absence of noise, in thegmee of a
large amount of noise this basic approach it istéichand
provides spurious bandwidth information [58]. Theture of
the MB signals requires a more sophisticated stalstignal

processing technique. Applying the principles of &agn

inference into the spectral analysis improves speogsolu-
tion compared to the conventional Fourier powercspen or

the periodogram [58]. In addition this detectiorfully auto-

matic incorporating the detection of the signaésnporal

boundaries [59] or pulse duration, which has bemrfiened

for multiple MB signals [60]. Although this paranietr
model-based technique is computationally expensine

would be useful for offline analysis at presenpffers opti-

mal spectral analysis that may prove useful in daptive

signal processing framework for future ultrasourmhtcast
imaging.
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