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With the recent development of sonicated microbubble echocardiographic contrast
ABSTRACT
agents, it is now reasonable to attempt toquantitate actual tissue perfusion. However, this requires an
uiderstanding of the quantitative reiatiorship between microbubble concentrations and the reflected
ultrasound silnal. This paper describes (l) the basic acoustic properties of sonicated microbubbles'
and (2) expeiimental veiification of this relationship, showing that the ultrasound signal actually
begirs to decreaseat a critical concentration that may be predicted based upon bubble size.
these microbubbles have acoustic properties that are essentially those of a random collection of
Rayleighian scatters. Signal strength is governed primarily by the compressibility of gas, as oppmed
(sixth
to huii. In addition, UuUUteaiameter is an important factor in determining signal strength
power dependence). And, because the bubbles are randomly arranged, the reflected signal is not as
reflected by-asingle bubble.
"great as might be expected, when compared to the signal
A simpte*in vitro iest of the acoustic analysis confirmed the critical limit for bubble concentration,
the measurement of which led to a prediction for sonicated microbubble size that is within a factor of
two of the published values.
This aco'ustic analysis and confirmation, along with ongoing in vivo experimentation, promis€s to
make possible quantitative regional perfusion measurement employing sonicated contrast agents.
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INTRODUCTION
Sonicated microbubbles used as echocardiographiccontrast agents promise to make possible the quantitation of
regional tissueperfusion. The sonicatedagentscould do this
"dye" for dye dilution measurementsof
by serving as the
blood flow. An ultrasound scanner then would make the
"measurements" quickly throughout an entire view (tomographic slice) of an organ, allowing, for example, an echocardiogram to show areas of hypoperfusion at risk for
infarction or a renal sonogram to show redistribution of flow
in response to antihypenensives.This paper Presentsthe
basic acoustic analysis for quantiuting echo contrast effects
and in vitro verifrcation.
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BACKGROT]ND
Sonicatedechocontrast agenn are red-blood-cell-sized
microbubblessuspendedin a carrier solution. The early
work on echo-contrastagentsby Gramiak and Sttah [U
of bloodflow usingmuch
focusedon qualitativeobservations
larger microbubbles,up to 50 and 100 pm in diameter,
producedby hand agitationor injectionturbulence.larger
microbubblesare quite appropriatefor observingvalvular
and vascularabnormalities[2,3], but becometraPPedin
capillary circulation. Sonicatedmicrobubblesare smaller
fless than l0 pm) and more uniform in size. This allows
them to flow unhinderedthrough the capillary circulation

t4,51.

Despite their size, hand-agiated contrast agents and other
larger microbubble-based agens have been used to investigarc coronary blood flow in animals [Gl2l and humans
[3,14]. This work has demonstrated that echo agents do
indeed delineate areas of infarction. Furthermore, this work
indicates that these larger microbubble agents are relatively
safe even though they interfere with capiliary circulation.
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Some quantitative work has been done on the size of the
defece indicated, but not on blood flow.
Work with sonicatedagents in humans [5] also has shown
that the agents are safe and they generate the expected basic
coronary perftsion patterns. A semiquantitative analysis of
renal perfusion that uses sonicated agents has been underaken [6], basedon an analysisofvideodensity curves from
videotapes of two{imensional renal sonograms performed
simultaneously with contrast injections. The videodensity
analysis confirmed the expected changes in the renal perfusion induced by various pharmacologic agents. This analysis
was further verified by electromagneticflow monitoring.
To summarize, microbubble echo-contrast agents are an
effective and relatively safe method of characterizing blood
flow. Now, with the developmentof sonicatedmicrobubbles
the size of red blood cells, it is reasonableto attempt to
quantitate actual tissue perfusion.
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ACOUSTICANALYS$
For thepurposeof this paper,theacoustics
of sonicated

echo{ontrast agents are the acoustics of small gas bubbles.
A small gas bubble in water is a very effective acoustic
reflector [7]. Though air is orders of magnitudeless dense
than water, it is the incompressible nature of water relative
to air that dominates.Both differencesare additive and effect
a large impedancediscontinuiry. This follows from the fundamentalformulas for ultrasoundwave reflectionby a sphere
developedby Rayleigh[8].
Figure I shows an ultrasound examination of the heart as
a typical clinical contrast snrdy. Figure 2 shows the same
situation, but focusing down on a particular target volume
and acoustic path of interest. The acoustic elemens along
the path have been simplified into transmission and reception
g€ometry factors summarizing the performance of the transducer, a path attenuation factor taking into consideration the
proximal anatomy not imaged (a squared factor as it is
traversed to and fro), and finally the backscaner ratio for the
small volume of interest. Separating the transmission and
reception geometry factors allows proper treatrnent of linear,
phasedarrays.
The analysis in Figure 2 applies reasonablywell only if
the structuresare stationary.For renal or hepaticstudiesthis
is generally true. For cardiac studies, it applies only during
the transmissionof a single pulse of ultrasound. Even then.
it ignores Doppler effects and presumes ECG gating such
that comparisons may be made from the same point in the
cardiac cycle.
Now consider the effect of introducing contrast into the
target volume. For the simplest analysis of microbubble
contrarit agents, treat each bubble as a small mirror of ssattering cross-sectionXr. A small volume filled with such an
agent is depicted in Figure 3. The backscatteredintensity is
proportional to bubble concentration and scattering crosssection(Er) consideringonly a small volume.
Reviewing the actual clinical situation in an echo-contrast
study, it becomesclear that the contrast agent will occupy
more thanjust a small volume. Typically, the contrastetlect
will fill the entire myocardium or renal parenchyma. Reviewing again Figure 3 note that the incident intensity is
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diminished proportionally as it passesthrough each successive small volume. Its magnitude must be describedby an
exponentiallydecayingfunction along the pathperfusedwith
contrast agent. A more exact formulation is presentedin
Figure 4. The path factors unaffected by contrast agent
"P-A-F=" (path-anenuationinjection are lumpedtogetheras
factor). Relative intensiry can then be expressedsimply in
termsof bubbleconcentrationN and two constantparameters
K; and K2 determined by the distance into the contrast
volume.bubblesize, fixed pathfactors,etc.:
Is/I1 : NKle-NK2'

(l)

Note that the relative intensiry is not simply proportional ro
(N) the bubble (and thus contnut agent) concenration. Indeed,abovea certain concentrationthe intensirywill actually
decrease.This hasbeenobservedby the authorsin the course
of in vitro experiments.
Renrrningto an individual bubble, we usethe formulations
of, Morse and Ingard [91. Figure 5 depicts a plane wave
coming from the Ieft impinging on a small bubble in the
center.The formula for the relative intensityof the reflected
wave (assumingthat the bubble radius is much less than the
wavelength) is also shown. For a microbubble of air in
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Fig. 5. Rayleigh sanering bv a microbubble (center) of a sound wave intensity I;
scanering
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Fig. 3. Ultrasound
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is wave number. a is bubble ndius, r is comprcsebility, p is densiry, subscnpt o is
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water. the reflected (more accurately,the scanered)wave is
depicted by concentric circles propagating outward. The
"small
scaneringcross-sectionassumedearlier for the
mirrors" is obtained by integrating the scaneredintensiry over
the surfaceofthe receiver.
In Figure 5 as elsewhere,N is concentration,V is volume,
K is wave number, a is bubble radius, (r, d) is a point relative
to the center of the volume in question, r and p are the
compressibility and density of the contrast agent (6), and the
gas in the bubble (J. Intensity is I, either incident () or
scanered Q. Cross-section is denoted by E. The velociry of
sound in the medium (water/blood/tissue) is denoted by C;
an interval of time by AT.
DGERIMENTAL

SETTJP

A bench se$p Gig. 6) employing an ultrasound ransceiver connected to an oscilloscope allowed direct recording
of the radiofrequency (O signal. A 3.5-MHz transducer was

Fig. 6. Schanaticdepictionof apparanlsfor measring rcflcctcdultnsouttdsignal
in a bcalcr of contrasragcnr.

positioned to operate in far-field in a cylinder holding a lliter solution of 7O% sorbitol. (Sorbitol was chosenbecause
it sustainsuniformly small and stable microbubbles.) The
sorbitol was sonicated serially to produce incrcasing micro'
bubbles concentrations. As rf measurementswerc recorded,
simultaneous hemocytometer counts were performed to determine the actual bubble concentration. The rf signal was
recorded by taking picnrresl of the oscilloscope at constant
settings throughout the experiment. These photographs were
amlyzd by quantitating the largest deflection in the area
corresponding to the target volume, and then normalizing so
that the largest of all the deflections became 1.0. Each
measured deflection is implicitly an average because the
camera recorded a number of superimposedtracings.
'Polaroif.
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Fig. 8. Raylcigh scanering by a largc numbcr of rardomly placed bubbles. Noations are thc samc as in Figurc 5.
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carried out, the experimentally observed peak would lead to
a prcdiction of bubble radius that is within a factor of 2 of
the publishedvalue, despitethe calculation'sdependenceon
RESULTS
The graph in Figure 7 showsthe resultsobtained,with not only single scanering, but the more stringent Born Ap
normalizedrf signalplonedalongthe vertical axis and buF proximation that the incident wave be effectively unaffected
ble concentrationplottedalongthe horizontalaxis. The open by the scauering.

circles reprcsentthe observed4ata poina. The predicted
curve is basedon the NKle-M2 formuladerivedabove.
DISCUSSION
The datashowsa rapid rise in signal,peakregion,and then
If echo-contrastagentsare to be used to measureregional
a region of decreasingsignalas concentrationincreases,as tissueperfusion. we must have at handa quantitativemethod
expectedfrom the formula.
of relating the signal received by an ultrasoundscannerto
The formulaalsoimpiiesthat theconsitants
K1 andK2 can contrast concentration. This paper has presentedthe first
be determinedfrom the datasimply by examiningthe peak step towards this goal. The acoustic properties of sonicated
point. In doingso, a goodfit is obtainedup to a concentration echo-contrastagentsare thoseof a random collectionof very
limit, the signal falls off small scatters,the microbubbles.
limit. Above that concentration
more rapidly than predicted,owing to the assumptionof
The ultrasoundsignal reflectedby the microbubblesis not
single scattering.During the experiment,the sorbitol ac- simply a linear function of their concentration. There is
visibly opaqueowingto thelargenumberof indeed a critical concentrationpoint above which the signal
tually becomes
violating
bubbles,
the assumptionthat the ultrasoundwave decreases. This limit can be predicted knowing the bubble
was scatteredonly once. A nonlinearleast-squares
fit was size. In thesecalculations,a sonicatedcontrastagent's nardoneto confirm the peakfit (havingeliminateddataaffected rower size distribution is an advantage, in addition to the
by multiple scanering)resultingin less than a one percent advantage that the smaller sonicated microbubbles qu pilss
through the capillary circulation.
changein the estimationof the peak.
FIJRTIIER AT{ALYSIS
The next importantfactor to consideris that the bubbles
are randomlyarrayedalongthe pathofthe ulnasoundsignal
(Fig. 8). Thus, insteadof just multiplying the Rayleigh
scatt€ringformula by concentrationtimes target volume,
there is a diminutionby factorsdependenton the squareof
the wavenumbertimes the bubble radius (see [8,191 and
Ishimaru [20] for treatmentof morc generalproblemsof
randomscatters).
The random scatteringintensity formulas are combined
with the formula for reflectedintensity by integratingthe
scatteredintensityover a large sphere.The resultantcrosssectionstandsin placeof the assumedone whenthe bubbles
were treatedas licle *mirrors." When the calculationsare

Other steps are required to actually achieve quantitative
regional perfusion measurements.Most obvious is the constructionofan ultrasoundscannercapableofproviding quantitative information about the signal (radiofrequency)received
rather than simply a video display engineeredto be pleasing
to the eye. Work on this is underway, and combined with
ongoing in vivo experimentation with sonicated contmst
agents, this research promises to make possible quantitative
regional perfusion measurements.
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