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Abstract

Bubble-based suspensions with diameters in the 1-5 pm range have been developed for use as ultrasound contrast agents.
Bubbles of these dimensions have resonance frequencies in the diagnostic ultrasonic range, thus improving their backscatter
enhancement capabilities. The durability of these bubbles in the blood stream has been found to be limited, providing impetus
for a number of approaches o further stabilize them. One of the approaches has been the development of micrometer-size porous
particles or ‘nano-sponges’ with properties suitable for the entrapment and stabilization of gas bubbles. However, the complex
morphology and surface chemistry involved in the production of this type of agent makes it unfeasible to directly measure the
volume of the entrained gas. A model based on acoustic scattering principles is proposed which indicates that only a small volume
fraction of gas should be necessary to significantly enhance the echogenicity of this type of particle-based contrast agent. In the
model, the effective scattering cross-section is evaluated as a function of the volume fraction of gas contained in the overall
scatterer and the overall scatterer diameter. Initially, the volume fraction of gas is considered as a discrete entity or single bubble.
Using common mixture rules, it is then shown that the gas can be considered to be distributed throughout the particle and still
arrive at a result that is similar to that for a single, discrete volume of gas. The main contribution to the increased scattering
cross-section is due to the compressibility difference between gas and water. The backscatter coeflicient is computed as the product
of the resulting differential scattering cross-section and the scatterer number density. This approach facilitates comparison with
known backscatter coefficients of biological targets such as liver and blood. Simple experimental results are presented for
comparison with the model, and the implications relevant to clinical use are suggested. © 1998 Elsevier Science B.V. All
rights reserved.
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1. Introduction enhanced backscatter contrast provided by the
particle/bubble agent.

The use of air and other gases for ultrasound contrast
enhancement has a long history. An early study involved
the injection of small air bubbles into the blood [1].

This forms the basis of a method which is still used for

Diagnostic ultrasound images are formed from the
acoustic pressure waves reflected from various scattering
tissucs and structures within the body. The image bright-
ness or echogenicity of a region depends on a number

of factors, including the size of the scatterers, their
location, relative acoustic properties, and the frequency,
magnitude and direction of the acoustic wave used for
imaging.

Two of the acoustic properties which determine the
scattering strength of a structure are its density, p, and
compressibility, k. The high compressibility of a gas
relative to water is the key factor in producing the

* Corresponding author. Tel.: (716) 275 4066/(716) 275 9542;
fax: (716) 473 0486; ¢-mail: phillips@ee.rochester.edu

0041-624X/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved.
PII: S0041-624X(98)00007-9

a number of clinical ultrasound evaluations of cardiac
function whereby small bubbles are introduced into the
blood stream through a venous injection of agitated
saline [2]. As long as the bubbles are sufficiently dis-
persed, they are eliminated in the pulmonary capillary
bed, where they are trapped and gradually absorbed.
Additionally, the high pressure experienced in the left
ventricle serves to crush a large number of the bubbles
that managc to pass through the pulmonary circulation.
Unfortunately, these elimination mechanisms rule out
acoustic contrast enhancement for a majority of soft
tissues using intravenous injection of free bubbles.
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Bubble size distribution is an important factor in the
delivery of a contrast agent. Bubbles with dimensions
smaller than a red blood cell are less apt to produce a
harmful obstruction to flow within a capillary bed. An
additional benefit of small bubbles with diameters less
than 10 pm is that their acoustic resonance peaks lie
within the frequency ranges commonly utilized for diag-
nostic ultrasound. Taking surface tension, ¢, into
account, Miller [3] derived an expression for the reso-
nance frequency, f,, of a free bubble as
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where v is the ratio of heat capacities of the gas at
constant pressure and volume, a is the radius of the
bubble, p, is the ambient pressure and p is the density
of the surrounding medium. Using this expression for a
free air bubble in water, the resonance frequency is
11.9 MHz when ¢=0.5 pm and 4.86 MHz when a=
1 um. This resonance in the oscillatory behaviour of a
bubble serves to enhance the acoustic scattering cross-
section (to be discussed later) of the bubble as shown
in Fig. 1.

However, it would appear that nature conspires to
eliminate small bubbles. Surface tension acts to eliminate
free bubbles as their radius decreases [4,5]. The pressure
due to surface tension (p,,) exerted on the gas inside a
bubble is [5] py=40/a. Based on diffusion and surface
tension alone, it has been estimated that a bubble with
a radius of 10 um would completely collapse in less than
7 s in a completely gas-saturated solution of water [6].
Given the complex chemical environment of the blood,
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a figure of less than 100 ms for bubbles with radii in the
micron range is a more reasonable estimate [7].

In an attempt to capitalize on the inherent contrast
enhancing effect of a gas bubble, a number of strategies
have been pursued which could ultimately result in its
use as a safe, stable, consistent and possibly quantifiable
contrast agent [8-11].

This discussion will focus on a type of contrast agent
which consists of a suspension of stable, gas-bearing
particles. It should be noted that a suspension refers a
mixture of a fluid and defined concentration of insoluble
objects that are dispersed in the fluid. These suspensions
provide increased ultrasound contrast when imaging the
liver, and have the potential for providing similar blood
pool enhancement for Doppler flow studies. The par-
ticles are relatively dense, solid spheres, 1-2 um in
diameter, whose preparation results in a complex surface
morphology and surface chemistry that facilitates the
entrapment and stabilization of air bubbles on or within
the particle. An earlier X-ray and ultrasound contrast
agent consisting of solid spheres comprised of IDE
(iodapamide ethyl ester) [12,13] is shown in Fig. 2(a).
A particle/bubble agent, ‘Bubbicles’, shown in Fig. 2(b),
is also comprised of IDE. Its manufacture produces an
irregular surface morphology that provides numerous
hydrophobic crevices suitable for the stabilization of gas
bubbles. This agent is delivered into the blood stream
as a suspension with sufficient concentration to enhance
the ultrasonic contrast between the plasma it is carried
in and the tissues to which it is delivered. The Kuppfer
cells of the normal liver parenchyma accumulate the
majority of the delivered dose after 10-20 min. This
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used for

calculation:

p=998 kgm?

(water),

6=7.305x 1072 N m™" (air/water interface), y=1.402 (ratio of specific heats, adiabatic), p,=1.013 x 10° Pa (ambient pressure. 1 atmosphere).
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Fig. 2. Scanning electron micrographs of the particles. (a) IDE particles with mean diameter 1 um; (b) ‘Bubbicles’ with mean diameter | pm.

results in a phase of blood pool enhancement on the
order of ten minutes which is followed by a period of
liver enhancement [14,15].

It should be noted that the actual size distribution of
both the IDE spheres and the particle/bubble agent
(‘Bubbicles’) results in a lognormal distribution with a
standard deviation that is typically one-third of the
mean measured diameter of the scatterers. More impor-
tantly, the mean value for the size distribution can be
tightly controlled and is highly repeatable (+50 nm for

a specified diameter of 1 pm). For the purposes of this
discussion, we will consider suspensions or either IDE
or ‘Bubbicles’ with a uniform size distribution and a
constant number density (number of scatterers per unit
volume) that corresponds to a concentration of 10 mg
of either 1 or 2 um diameter solid IDE particles in a
1 ml volume of water. This will help focus our investiga-
tion of the small amount of entrained gas that needs to
be stabilized within the rough, irregular surface and
spatial structure of the particle/bubble agent to signifi-
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cantly enhance its echogenicity. The effects of a non-
uniform size distribution and a variable number density
will be addressed in the discussion.

2. Theoretical model of the particle/bubble agent

There are three scattering regimes which may be
characterized by the relative size of the scattering object
compared to the wave length of the incident acoustic
wave. The product ka (where k=2xr/4 is the wavenumber
and « is the radius for a spherical scatterer) is used to
differentiate these regimes, which correspond to the
cases where ka>1, ka~1 and ka« 1. We will be inter-
ested in the situation where ka<« 1 (the scatterers are
much smaller than the wavelength of the incident wave)
which can be described by classical Rayleigh scattering
theory. In this case, the direction of the scattered energy
can be described by a distribution function which tends
to become less directional as the scatterers become
smaller.

If we assume a speed of sound in water of
1490 m s~ ', then for an insonifying frequency of 5 MHz,
ka=1.06 x 10" 2 for a spherical volume with a diameter
of 1 um (¢=0.5 um) and ka=2.12 x 102 for a diameter
of 2um (a=1pum). For a | pm diameter free bubble
at resonance (f,=11.9MHz) ka=2.53x10"% for a
2pm diameter free bubble at resonance (fy,=
4.86 MHz) ka=2.07 x 1072, In both cases, k, the wave
number, assumes propagation in water. Therefore the
only situations in which resonance effects would come
into play would be in extreme cases where the volume
fraction of gas in the particle/bubble agent is close to
unity (i.e., close to being totally comprised of gas). As
resonance effects would serve to augment the backscatter
coefficient, the proposed model may slightly underesti-
mate the scattering of particle/bubble agent for the
larger 2 um scatterers that are comprised almost com-
pletely of gas. In the case of the particle/bubble agent,
this is definitely not the case. The amount of entrapped
gas is so small as to be visually indistinguishable by light
microscopy. At a maximum, since the particle/bubble
agent does not exhibit buoyant behaviour, the volume
of entrapped gas is less than 58% of the particle/bubble
combination. This is based on a simple calculation
involving the density of the IDE material that the
particle/bubble agent is comprised of and that of the
water in which it is suspended. The density of the IDE
material of which ‘Bubbicles’ are comprised is roughly
2.4 times that of water, so approximately 58% of the
material in a comparable solid IDE sphere would have
to be replaced with air to make the sphere neutrally
buoyant.

To indicate the scattering efficacy of the
particle/bubble models, the scattering cross-section of a
single particle/bubble pair will be considered initially.

This is defined as the amount of energy re-directed from
the incident wave per unit time divided by the intensity
of the incident wave, the result having the units of
area [16].

The scattered acoustic pressure, p,, at a distance r
from a sphere with compressibility x, and density p,
embedded in a medium with compressibility x and
density p when ka1, is given [16] by
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where @ is the scattering angle distribution function, ¢
is the scattering angle (= for backscatter) and
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The differential scattering cross-section, a4, is defined as
o4 =1P(p). (4)

A parameter that will allow comparison of the efficacy
of the scattering of our models with physiological tissue,
such as liver and blood, is the backscatter coefficient,
nps, Which is typically given in units of m~!sr™?! (sr=
steradians). For a distribution of discrete scatterers, the
backscatter coefficient is found to be equal to the mean
backscatter cross-section per unit volume, in other
words,

Ngs =Nna4(m) (5)

where n is the number density of the scatterers. The
backscatter coefficient thus provides an indication of the
amount of backscattered power from a number of
identical scatterers in a given volume that are exposed
to the same incident pressure wave. Since direct evalua-
tion of this value for a soft tissue requires knowledge of
the scattering structures, their characteristics and
number density within the tissue, these values are arrived
at experimentally by measurement, comparison and
calibration relative to scattering from reference objects
(c.g., phantoms or suspensions of glass or polystyrene
beads and flat reflectors such as a steel plate). Some
values reported in the literature for nyg are given in
Table 1.

It is essential to acknowledge that the following
models incorporate only gross physical characteristics
and features of the agent involved. They do not address
issues of porosity [16], constrained surfaces [3] or non-
linear behaviour [17]. These factors should represent
secondary effects for the sizes and frequencies of
concern.

Further, it should be noted that the focus of the paper
is to postulate a model to explain the observed enhance-
ment of echogenicity of the particle/bubble agent with
what appears to be the addition of a minimal volume
fraction of gas and guide further development and
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Table |

s values

Substance fps (m ™ !sr™h Source

Liver

Standard 3.0x107! AIUIM [23]
Average 1.9x107! Nassiri and Hill {24]
Fresh 2.7x107! Nassiri and Hill [24]
Fixed 32x107! Nassiri and Hill [24]
Tumor 1.4x107! Nassiri and Hill [24]
Fixed 1.9% 107! Nassiri and Hill [24]
Bovine 1.76 x 107! Fei and Shunt [25]
Blood

26% HMTC 2.8x107¢ Nassiri and Hill [24]
40% HMTC 7.2x1073 Nassiri and Hill [24]
40% HMTC 7.7x107° Nassiri and Hill [24]
40% HMTC 69x1073 Shung et al. [26]

optimization of this agent. Part of the incentive for
developing this model stems from the fact that it was
not feasible to directly ascertain through laboratory
measurements the volume of gas entrapped in the
particle/bubble precisely because of its dependence on
the surface tension effects that result from its complex
surface chemistry and morphology.

The modeling incorporates the concept of an effective
scatterer of radius « containing some volume fraction
of gas. Parameters used to describe this effective scatterer
are a, (the radius of a sphere containing the equivalent
volume of solid material in the scatterer), a, (the radius
of a sphere containing the equivalent volume of gas in
the scatterer), a (the overall radius of the scatterer) and
x (the volume fraction of gas in the scatterer). The
relationship between these four parameters is

ay=a*(l—x), ay=a’x. (6)

3. Modeling

One way to model the scattering behaviour of the
particle/bubble agent is to treat the total volume of the
stabilized gas as a single bubble of equivalent volume
located next to a solid particle with a radius such that
the volume of the single bubble plus the volume of the
idealized solid particle equals the volume of the actual
particle/bubble agent under consideration (Fig. 3(B)).
In doing so, it is assumed that the distance between the
solid particle and the idealized gas bubble is much less
than a wavelength, such that they instantaneously
experience the same incident acoustic waveform (i.e.,
there is a negligible phase difference). The bubble and
particle can be considered to be essentially at the same
location from the perspective of the receiving transducer.
Once again, x will represent the volume fraction of gas
in the particle/bubble pair.

(A)

Gas

& IDE

| um
(B)
A
1 pm

(C)

Composite particle

I ym

Fig. 3. Schematic representation of the model. (A) The actual
particle/bubble pair; (B) Approach 1: coherent summation of two inde-
pendent scattering objects; and (C) Approach 2: a single scatterer with
effective density and compressibility governed by mixture rules.

Note that for coherent scattering in the Rayleigh
regime, it makes no difference if a single, submicron
volume of gas is sub-divided into multiple, smaller
volumes; the total scattering cross-section remains the
same. This is distinct from the case where many, ran-
domly positioned scattering volumes are consolidated
into a single, larger scattering volume.



888 D. Phillips et al. ] Ultrasonics 36 ( 1998) 883-892

For the coherent scattering of the particle/bubble pair
considered, the total scattering angle distribution func-
tion of the pair @, is the sum of scattering angle
distribution function of the bubble, @, and the scattering
angle distribution function of the particle, @,

Given that the particle material has compressibility
x, and density p, and the gas being discussed has
compressibility x, and density p,, we can define the
compressibility difference of the particle and gas with
respect to water as 7, and Vg and the density difference
of the particle and gas with respect to water as y, and
7p,- We define the compressibility difference between a
scattering material s and the propagating medium m: (in
this case water) as

— (8)

and the analogous density difference as
3,05 - 3pm
205+ P

A simple substitution of Eq. (3) for the bubble and the
particle into Eq. (7), combined with the relationships in
Eq. (6), results in the following expression:

(9)

Vo =
I'ps

P (9)=3 k*@[xX(y,, +7,, €OS )
+(1 _x)(’}/‘h‘p*—’/,pp Cos (ﬂ)] (10)

Utilizing Eq. (10), we can evaluate Eq. (4) for p=m,
arriving at an expression for the differential backscatter-
ing cross-section for the particle/bubble pair

a4 (9) =P () =5 k*d° [x(7,, —7,,)
+(1_x)(%<p_ypp)]2' (]1)

An alternative way to model the particle/bubble agent
is to combine the scattering behaviour of particle and
gas components into an ‘equivalent scatterer’ with a
specified volume fraction of gas.

The effective compressibility, ., for a volume con-
sisting of two different and immiscible substances with
compressibilities «, (gas) and «, (particle), and volume
fraction of gas, x, relative to the total volume can
expressed [18] as

Ke =(1—X) K +x1¢,. (12)
For the same two substances, with densities p, (gas)
and p, (particle), a similar linear mixing relationship

for the effective density can be derived, where the
effective density, p., is shown to be

Pe:(lfx)Pp'*‘ng- (13)

Thus, we can model the complex particle/bubble
scatterer as an equivalent 1 um or 2 um diameter scat-

terer with some effective density and compressibility, as
shown in Fig. 3(C). Utilizing the expressions for x, and
p. for w,and p, in Egs. (8) and (9) and then substituting
the resultant expressions in Egs. (8) and (9) into Eqgs. (3)
and (4) results in a differential backscattering cross-
section where

sa(p=m)=|Plp=m* =5 k'a®l7; —2p. 7, +7, . (14)

The equivalence of the two formulations of the model
is exhibited in Fig. 4, which shows the backscatter
coefficient of a particle/bubble suspension with a number
density equivalent to a 10 mgml ! concentration of
solid IDE particles alone (no gas) calculated using both
approaches, for particle/bubble scatterers with overall
diameters of 1 and 2 pm. This concentration produces
a number density, n, of 7.94 x 10'* particlesm * for
1 um diameter solid IDE spheres and 9.90 x 10!
particles m ~* for 2 pm diameter solid IDE spheres; these
numbers were held constant in the calculations. The
only region of the graph which exhibits any distinguisha-
ble difference between the two modeling approaches is
in the extreme case corresponding to a volume fraction
of gas equal to one, which essentially describes a simple
gas bubble. The two models give very similar results for
the size and frequency considered. It is also observed
from Fig. 4 that there is a relatively constant, low
backscatter coefficient for volume fractions of gas below
1x107* which then increases exponentially as the
volume fraction of gas increases.

4. Experimental evaluation

A simple experiment was performed to evaluate the
general predictions of the model. Since it 1s impractical
to directly measure the volume fraction of air entrained
by individual particles of the agent or to modulate it to
any specified level, scattering measurements were taken
of ‘Bubbicles’ suspensions and suspensions of plain [DE
spheres with the same concentration and particle size
distribution. The plain IDE spheres contain no gas and
the ‘Bubbicles’ contain some small, visually indistin-
guishable volume of gas. As stated earlier. since the
‘Bubbicles’ settled out of suspension quite readily, the
maximum volume fraction of air was assumed to be
considerably less than the 58% that would be necessary
to make the ‘Bubbicles’ neutrally buoyant.

Backscatter coefficient measurements were performed
utilizing a method similar to Wear [19] except for the
use of a tone burst excitation signal with a frequency of
5 MHz. The use of a tone burst insonification helped
provide signals with an increased signal to noise ratio
and simplified the measurements. Calibration of the
measurement system was based on methods described
by Madsen [20] and Insana [21]. We incorporated a
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Fig. 4. Backscatter coefficient at 5 MHz calculated from both models as functions of volume fraction of gas, x. Since results from Model 1 (solid
triangles) and Model 2 (open squares) were similar, alternate values of each curve are displayed. The suspension medium is water, and the gas in
the agent is air. The concentration of the agent is 10mgml~'. Parameters used: water xy6=4.6x10"""m*N™', pyo=998kgm™*
0 =148 x10° ms ™', air k,=7.0x107*m’ N ", p,=1.29 kgm >, solid IDE r,=2.0x10""m>*N"", p,=2.40x 10 kgm %
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Fig. 5. Block diagram of equipment configuration for experimental measurements. See text for details.

modification for the use of a focused transducer based ral of the radiation pattern and use of a diffraction
on the diffraction correction formulation of Chen [22]. correction factor.

A system backscatter coefficient calibration factor was Measurements were carried out with a gated transmis-
derived utilizing a reference substitution method sion and reception system as shown in Fig. 5. Timing
whereby a flat, steel block reflector placed at the focus was controlled by a Tektronix PG501 pulse generator.
of the transducer allowed evaluation of the measurement The 10 cycle, S MHz tone burst was generated by a
system electro-mechanical transfer function at 5 MHz. Hewlett Packard 8116A function generator which was

This involved numerical calculation of the volume integ- gated through to a Kay Elemetrics attenuator before
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being amplified by an Amplifier Research AR200L radio
frequency (RF ) amplifier. The output of the RF ampli-
fier was routed to a Panametrics V309 narrow band,
6.35 mm radius transducer focused at 56.9 mm through
a RITEC transmit/receive (T/R) switch. The suspension
samples were contained in an acoustically transparent
polyethylene transfer pipette that was held in an inverted
position at the focus of the ultrasound beam provided
by the V309 transducer mounted in a plexiglas tank
containing degassed and deionized room temperature
water. The suspension was slowly and continuously
stirred by a small Teflon coated stir bar placed at the
bottom of the sample pipette which was rotated by a
submersible magnetic stirrer to avoid any settling. The
stir bar was positioned well out of the focal zone of the
V309 transducer to avoid any extraneous reflections.
The received signal was gated for a 10ps epoch
centered at the focal distance of the transducer to avoid
specular reflections from the wall of the pipette and then
routed through the RITEC T/R switch, amplified by a
gated Panametrics S052PR pulser/receiver, filtered by a
TTE passive 5 MHz bandpass filter and then digitized
by a LeCroy 9430 high speed digital oscilloscope. Each
measurement consisted of 50 sequential 10 ps scans
sampled at a rate of 100 MHz that were stored in the
oscilloscope and then downloaded via an IEEE-488
parallel bus connection to an IBM-PC compatible micro-
computer running custom written programs utilizing the
ASYST software package. Each 10 ps scan consisted of
1000 data points of which 256 points occurring before
and after the time corresponding to the focal point of
the transducer were used for analysis (the 512 center
points). The backscatter coefficient at 5 MHz was calcu-
lated by taking the mean of the measured power at
5MHz and dividing it by a calibration factor that

accounts for the electromechanical response of the
system. The calibration factor was derived from the
measurement of the system response to the reflection
from a flat Panametrics stainless steel calibration block
placed at the transducer focus and incorporates a
diffraction correction factor for the beam pattern of a
focused transducer as derived by Chen [22].

Control measurements with plain, degassed water
were below the lowest predicted particle/bubble levels.
Results from these experiments are shown in the form
of the bar chart in Fig. 6 which shows measured back-
scatter coefficients for ‘Bubbicles’, plain IDE particles
{not expected to stabilize gas) and representative values
predicted for various volume fractions from the models.
‘Bubbicles’ refers to the particle/bubble agent shown in
Fig. 2(B). From Fig. 6, it is estimated that the fresh
suspension of ‘Bubbicles’ has an effective volume frac-
tion of gas of 3%. This corresponds to a volume fraction
of 3x107% in Fig. 4 (a volume 1.57 x 1072 m? relative
to a sphere with a diameter of 1 um and volume of
5.24 x 107 m? or a volume of 1.26 x 107 ** m? relative
to a sphere with a diameter of 2 pm and volume of
4.19 x 107** m*). Even at this minute volume fraction,
the backscatter coefficient of the suspension is compara-
ble with or higher than the representative values for
liver given in Table 1.

5. Discussion

The model presented predicts a significant increase in
backscatter when very small volume fractions of gas are
included in the particle/bubble scatterer. The similarity
of results from two approaches to the model stems from
the fact that both approaches incorporate a linear
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Fig. 6. Comparison of model predictions with experimental data at 5 MHz. The error bars represent the absolute value of the backscatter coefficient
obtained due to plus or minus one standard deviation of the measured power scattered from the samples. Mean and standard deviation of the
measured backscattered power were obtained from a series of 50 consecutive radio frequency waveforms.
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dependence on the volume fraction of stabilized gas,
and furthermore that the gas compressibility and density
dominate the scattering process.

The scattering model predicts that only small gas
volume fractions, on the order of 1% of the total
‘Bubbicle’ volume, are required to create hyperechoic
regions in blood and less than 10% for liver at concen-
trations around 10 mg ml ~*. This represents a significant
distinction when compared with the majority of contrast
agents currently available, which typically consist of a
gas filled region with a thin shell or coating for stabiliza-
tion. In our model, these would correspond to a scatterer
with a volume fraction of gas close to 1, that is, nearly
100% of the total scatterer volume.

The comparison of theory to experiment shows gene-
ral agreement. The prediction for IDE (solid) 1 pm
particles is slightly lower than the measured result. This
could be partly due to the fact that the measured IDE
particles have some percentage of diameters above and
below 1 um, whereas the models assume a strictly uni-
form 1pum diameter population in suspension. The
‘Bubbicles’ suspension scattering is consistent with pre-
dictions from the models, assuming gas volume fractions
on the order of 1072 This volume fraction is not easy
to verify independently, but is reasonable, given the
surface morphology shown in Fig. 2(b) and the fact
that the suspensions do not ‘float’ (as would be the case
if the gas volume fraction exceeded 58%).

As mentioned in the introduction, the modeling
assumed a uniform size distribution and a constant
number density regardless of the volume fraction of gas
contained in the scattering agent. Since we were hypothe-
sized that only a small volume fraction of gas was
necessary to significantly enhance the echogenicity of
the scattering agent, assuming a constant number density
equal to that for particles with no entrapped gas should
adequately reflect the actual circumstances. The varia-
tion in the size distribution presents a number of addi-
tional issues in terms of possible resonance frequencies
and scattering cross-sections. In the size range of interest
(mean radius of 0.5-1 um), as mentioned earlier, the
larger scatterers would have to be comprised almost
entirely of gas to consider resonance effects, a situation
which physical observation of the agent in question
discounts. In terms of the effect of scatterer size on the
backscatter coeflicient, although the differential back-
scatter cross-section is proportional to the sixth power
of the radius, it should be remembered that the backscat-
ter coefficient is determined by the number density of
the scatterers, which is inversely proportional to at least
the third power of the radius of the scatterers depending
on spherical packing considerations. Since small volume
fractions of gas produce such a significant change in the
echogenicity of the scatterers, it would seem that the
variation in differential scattering due to the distribution
of volume fraction of gas values would be offset by the

variation in number density due to the distribution of
scatterer sizes. Further, it should be emphasized that
the study was performed with a tone burst stimulus and
provided a value for the backscatter coefficient at a
single frequency of 5 MHz. Using multiple frequencies
or a pulsed stimulus would certainly involve a more
careful consideration of scatterer size variability. While
this obviously would represent a more realistic circum-
stance, it would tend to detract from the main focus of
this study which was to evaluate the significant gain in
scattering possible from solid Rayleigh type scattering
objects when a small volume fraction of air is added to
them. In fact, a more comprehensive study to precisely
determine the effects of particle size variability and
frequency dependence of the backscatter coefficient of a
particle/bubble agent could be designed utilizing the
modeling approach that has been presented here.

Important clinical implications may be derived from
these results. In order to obtain a contrast agent that
provides useful blood and liver reticulo-endothelial (RE)
cell phases, we must ensure that a stabilized gas volume
fraction on the order of 10% is carried by the particles.
Blood and liver concentrations of IDE and ‘Bubbicles’
in the range of 2-3mgcc™ ! are achievable and non-
toxic [11], therefore, the approach is promising.
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