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Abstract—We review the field of contrast agents in diagnostic ultrasound. The progress in the development of
various classes of contrast agents such as free and encapsulated gas bubbles, colloidal suspensions, emulsions,
and aqueous solutions is described. The mechanisms for production of backscatter contrast, as well as attenuation
contrast and speed of sound contrast are explained. Finally, the potential advantages and disadvantages of various

classes of contrast agents are compared.
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I. INTRODUCTION

Contrast enhancement is extensively used in clinical
radiology. Modalities such as x-ray, CT, and nuclear
medicine routinely rely on the introduction of foreign
material into tissue in order to improve the contrast
resolution in the image. The development of contrast
materials in ultrasound, on the other hand, has been
slow and sporadic, and to date there are no com-
pletely satisfactory materials for clinical imaging.

In this paper we review the progress which has
been made in this field in the last two decades. We
discuss various classes of materials which may be
used as ultrasonic contrast agents. The physical
mechanisms of contrast effects (backscatter, attenua-
tion, and speed of sound) are described theoretically
in order to quantify the potential merits and uses of
these materials. In addition we cover some aspects of
toxicity which are important to the development and
ultimate use of contrast agents.

An ultrasonic contrast agent may be described as
an exogenous substance which is introduced (usually)
into the vascular system. The material could be in the
form of solid particles in suspension, liquid droplets
(emulsion), gas bubbles, encapsulated gases or lig-
uids, or aqueous solutions. In order to be effective the
materials must be stable throughout the examination,
but metabolized or removed safely from the circula-
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tion shortly thereafter, and must also have preferen-
tial biodistribution and tissue uptake with relatively
low toxicity, such that sufficient quantities can be
administered. The acoustic properties of the material
must give rise to altered acoustic echoes from tissue.

The principal acoustic parameters of tissue
which may be influenced by the introduction of a
contrast agent are the backscatter (echogenicity), at-
tenuation, and/or the speed of sound propagation.
Changes in backscatter may take the form of an in-
crease or decrease in signal strength, and/or changes
in the gray scale texture in the sonogram. Changes in
attenuation may be inferred in cases where beam
penctration is enhanced or diminished. Finally, the
speed of sound in the organ may change. This change
is typically small and cannot be appreciated in a nor-
mal sonogram; however, it may be quantitatively re-
lated to the amount of contrast material present in
the tissue, and it might be detectable with special
equipment.

Ultrasonic contrast agents could in principle be
used for several purposes. Better contrast resolution
between normal and diseased tissues may be attained
via the use of contrast agents which have preferential
uptake. Cavities and vessels may be outlined by con-
trast agents, especially during interventional proce-
dures. Tissue characterization may also become feasi-
ble by selecting contrast agents which may be specific
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for certain conditions. Doppler signals in blood flow
measurements could be enhanced by contrast agents
circulating in the vasculature. Finally, dynamic stud-
ies may be possible, which measure the rate of uptake
and/or clearance of the agent in specific locations.

II. BACKGROUND

Reports which address the issue of ultrasound
contrast agents have appeared in the literature since
19638, beginning with the use of free gas bubbles in
echocardiology. Subsequent reports (197%-present)
cover a multitude of other, more sophisticated types
of contrast agents such as encapsulated gas bubbles,
colloidal suspensions, liquid emulsions, and aqueous
solutions.

l. Free gas bubbles

By far the simplest form of ultrasound contrast
agents is free gas bubbles. Such bubbles may preexist
in the liquid vehicle, or may be introduced via cavita-
tion during the injection phase. Whatever the mecha-
nism may be, it appears that almost any liquid, when
rapidly injected into ducts or vessels, is capable of
generating a quantity of air bubbles which may pro-
duce sufficient echoes to cause partial or complete
intraluminal sonographic opacification.

The first report on the use of free gas bubbles
appears to be that of Gramiak and Shah (1968) (Fig.
1). They obtained anatomic validation of the aortic
origin of cardiac echoes by means of direct physiolog-
ical saline injection during continuous echocardio-
graphic recording. The injection produced a cloud of
echoes which was delineated by the parallel signal of
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the aortic root. Kremkau et al. (1968) have again
obtained intracardiac echoes from salinc injection,
but also from injection of autologous blood. This
demonsirated that air bubbles may be generated dur-
ing the injection process itself. Ziskin et al, (1972)
have used a variety of liquids, such as renografin,
carbonated water, and ether (which boils at body
temperature) to demonstrate the presence of echoes
in all cases, detected by enhanced Doppler signals
from arteries. In recent years numerous investigators
(Chiang et al. 1986; Rizayev and Azatyan 1985; Gil-
lam et al. 1985; Meltzer et al. 1985; Feinstein et al.
1984; Kondo et al, 1984; Armstrong et al. 1984;
Brown and Anderson 1984; Munoz et al. 1984; Tei et
al, 1984; Levine et al. 1984; Ten-Cate et al. 1984:
Maurer et al. 1984; Armstrong et al. 1983; Tei et al.
1983; Armstrong et al. 1982; Meltizer et al. 1981;
Wise et al. 1981; Meltzer et al. 1980a; Meltzer et al.
1980Db) have used gas microbubbles to study parts of
the cardiovascular system. Additionally, other lu-
minal structures have been opacified by gas bubbles.
Specifically, Goldberg (1976) has used indocyanine
green for opacification of the common bile duct in
cholangiography. Presumably, microscopic air bub-
bles contained in the liquid or gencrated during the
injection phase were responsible for the observed ef-
fects. Meyer-Schwickerath and Fritzsch (1986) have
reported urologic applications of a new commercial
agent which incorporates solid particles as microbub-
ble carriers.

While free gas bubbles are extremely efficient
scatterers of sound energy, their utility is limited by
the fact that they are effectively removed by the lungs,
Thus it would be impractical to use these to elicit

Fig. 1. Supravalvular aortic injection of saline in a patient with a normal aortic valve. Arrow denotes beginning of

the injection. Note that resulting cloud is confined by margins of the aortic root. Rectangular defects in the echo

pattern are caused by non-contrast blood entering the aorta from the ventricle during systole. Linear echoes

between root margins arise from the aortic valve cusps, (Reprinted with permission from Gramiak and Shah
1968.)
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contrast in the soft tissue via venous injection. How-
ever, intraarterial injection remains a possibility for
localized contrast enhancement.

2. Encapsulated gas bubbles

In order to overcome some of the limitations of
free gas bubbles, encapsulated gas bubbles were man-
ufactured and injected directly into the carotid artery
in tumor bearing rabbits (Carrol! et al. 1980) (Fig. 2).
These consisted of nitrogen gas trapped in 80 um
gelatin capsules. Carroll et al. report ultrasonic en-
hancement of tumor rims in rabbits with VX2 carci-
noma. The large size of these particles did not allow
their administration in the peripheral circulation.
Unfortunately, the manufacture of smalt (2-3 pm),
gas filled capsules which could clear the lungs is diffi-
cult due to the extreme thinness of the capsule wall
through which gas diffuses. Thus the feasibility of this
approach remains uncertain.

3. Collvidal suspensions

These preparations involve small solid particles
suspended in a liquid vehicle. Several types of suspen-
sions have been reported to date. Ophir et al, (1980}
reported prolonged enhanced backscatter from ca-
nine livers in vivo using a peripheral injection of col-
lagen microspheres with a 2 um diameter {Fig. 3).
This effect was hypothesized to occur due to agglom-
cration of scatterers in the Kupffer cells, Mattrey et
al. (1982, 1983) reported a delayed and prolonged

VX2 tumor rim enhancement in rabbit livers using a
suspension of perfluorooctylbromide {PFOB) with
particle sizes = 0.5 pm. In addition, liver metastases
not visible before were visualized in patients in vivo
after administration of Fluosol-DA (Mattrey et al.
1987) (Figs. 4 and 5). Ophir et al. (1985) reported a 2
dB enhancement of canine liver backscatter obtained
from 3 pm gelatin particles. Parker et al. {(1987) re-
ported enhancement of backscatter and attenuation
in rat liver using a suspension of 1 um particles of
iodipamide ethyl ester (IDE) (Fig. 6). Colloidal sus-
pensions appear to have the potential 1o produce
contrast in the liver and the spleen. Since it has been
shown that the particles are ultimately taken up by
the Kupffer cells in the liver (Violante et al. 1980),
pathologies such as some tumors which do not con-
tain Kupffer celis would be expected to demonstrate
lack of uptake of these agents. On the other hand, the
size limitation for transpulmonary passage restricts
backscatter efficiency, which is highly dependent on
particle size, unless significant particle agglomeration
occurs at the cellular site,

4. Emufsions

The idea of using liquid emulsions of certain
lipids in aqueous vehicles was tested by Fink et al.
(1985). Since it is known that fat deposition in hepa-
tocytes produces enhanced backscatter from the liver,
it might appear that such emulsions would cause a
similar effect. Unfortunately, no enhancement of
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Fig. 2. (A) A control transverse scan of rabbit thigh and VX2 carcinoma demonstrating skin of rabbit (white

arrow). VX2 carcinoma (black arrows) with relatively

low echo center (C) and more echogenic rim {r)anda VX2

feeder vessel (v) approaching the tumor in normal muscle (M). (B) A second scan obtained without moving the

transducer but following injection of 5 mL of 80 um

microbubbles. Increased echogenicity is scen in the tumor

rim (arrow heads) and feeder vessels (v). No echo increase is observed in tumor center (C) or muscle (M).
(Reprinted with permission from Carroll et al. 1980.)
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Fig. 3. Effects of collagen microsphere infusion on canine liver sonograms at 7 MHz. (A) Control; (B) 4 minutes

following end of infusion; (C) 9 minuics following end of infusion: note observable backscatter enhancement

throughout the liver; (D) 25 minutes following end of infusion: continued effect. (Reprinted with permission
from Ophir et al. 1980.)
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Fig. 4A. Patient with metastatic pancreatic carcinoma had

an inhomogenous liver precontrast. A typical scan is

shown. (Reprinted with permission from Mattrey et al.
1987.)

TRANSVERSE

Fig. 4B, Liver enhancement following 2.4 g/kg Fluosol-DA

20% allowed the visualization of multiple clustered non-

cnhancing lesions (arrows). (Reprinted with permission
from Mattrey et al. 1987.)
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Fig. 5. Longitudinal scans obtained over the gailbladder
(GB), portal vein bifurcation (pv), and hepatic vein (hv).
(A) prior to contrasts, and (B) 14 hours following 2.4 g/kg
Fluosol-DA 20%, at the same power and gain settings, in a
patient with metastatic gastric carcinoma, Results show a §
X 10 mm lesion (arrow) along the anterior surface of the
liver not seen pre-Fluosol, {Reprinted with permission from
Mattrey et al. 1987.)

backscatter was observable in these cxperiments.
Fink et al. point out that the amount of lipid required
to mimic fatty infiltration of the liver may be prohib-
itively high. Standard radiographic contrast agents
were investigated by Banjavic et al. (personal com-
munication, 1987) for this purpose, but no backscat-
ter enhancement was noted.

5. Aqueous solutions

Backscatter enhancement due to administration
of certain aqueous solutions into kidney tissue in
vitro and in vivo was demonstrated by Ophir et al.
(1979) (Figs. 7 and 8). The aqueous solutions of many
compounds exhibit a linear increase in the speed of
sound and density as a function of the molar concen-
tration of the solute (McWhirt 1979). Hence the
acoustic impedance is also a function of concentra-
tion. Based on these studies it was postulated that
when a solution is initially introduced into the vascu-

lar system, transient acoustic impedance mismatches
are created between the vascular and nonvascular
beds (Ophir et al. 1979). This in turn gives rise to
enhanced tissue backscatter. Suitable materials in-
clude buffered sodium citrate and calcium disodium
EDTA in solution, which exhibit a strong depen-
dence of the speed of sound on molarity (on the order
of 200 m s ' mol™') and a relatively low level of
toxicity (Tyler et al. 1981).

HI. BACKSCATTER CONTRAST
MECHANISMS

By far the most important effect of contrast
agents is the enhancement of backscatier (echogenic-
ity) from tissue, since conventional ultrasound imag-
ing relies on backscattered echoes for image genera-
tion. The strength of the backscatter is dependent on
several factors, some of which depend on the ex-
perimental conditions, and others on the physical
properties of the scatterer in relation to those of
its surround.

I. Long wavelength scattering

Figure 9 shows the geometry which defines the
scaltering cross section of a scatterer. The total power
P emitted by the circular transducer is assumed to be
equally distributed over an area 4 in the plane which
contains the scatterer, such that the intensity at this
range is

I;= P/A, (1)

If the scatterer is much smaller than the ultrasonic
wavelength (hence the term “long wavelength™) it
will produce a scattered wave which can be treated
simply. If the scatterer presents only a speed of sound
mismatch compared to the surrounding fluid, then a
simple spherical wave is produced. If density mis-
matches are present, then a directivity pattern can
result. In either case, total power scattered by the
scatterer is defined by:

P_‘ = I,'O’ (2)

where o 15 an area called the scattering cross section of
the scatterer which is a measure of the scattering
strength. In cases of spherical spreading of the scat-
tered wave, the scattered intensity at a distance R
from the scatterer is given as

I.=Loj4TR?, (3)
and the power received by the receiving transducer of

radius r at distance R » r from the scatterer is there-
fore
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(B)

Fig. 6. B-scan images from a 7 MHz sector scanner, of IDE containing livers surrounding a single normal liver.

The lobes are packed between plastic films, with the normal liver in the lower left quadrant, indicated by cursors.

The normal liver appears hypoechoic compared to the livers with 3.2 mg/ec of 1.0 um IDE particles. Parts (A)

and (B) are different cross-sections of the packed liver layers. These images represent contrast enhancement of an

initially isoechoic tumor region in liver. After particle uptake by surrounding normal parenchyma, the “tumor”
- is clearly defined as the hypoechoic region. {(Reprinted with permission from Parker et al. 1987.)

P, = Ixr? = L,or*/4R>. ) s = xf | 1]3es — o)}

| L
o [gra(ka)]| - |+3|2p;—p|]’ (5)

Equation 4 demonstrates that the backscattered

power received by the transducer is proportional to where
the scattering cross section of the scatterer.
The scattering cross section of a small scatterer is k = 2=x/\ = wave number, where A is the wavelength,

given by (Morse and Ingard 1968) a = radius of scatterer < A,
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Fig. 7. Echo enhancement in a longitudinal scan of a canine

kidney in vitro lollowing administration of sodium citrate.

(A) Control, (B) Echo enhancement, (C} Maximum effect.

Note progressive improvement of visualization of the renal

pyramids and increasing shadow in echoes from sponge

behind the kidney. (Reprinted with permission from Ophir
etal. 1979.)

«; = adiabatic compressibility of the scatterer,

x = adiabatic compressibility of the embedding me-
dium,

p, = density of the scatterer,

p = density of the embedding medium.

The first bracketed quantity simply involves the rela-
tionship between the wavelength and the radius of the
scatterer. It is seen that the radius of the scatterer is
extremely important in the determination of the
Cross section, as is the wavelength. The second brack-
eted quantity involves the density and compressibil-
ity differences between the scatterer and the embed-
ding medium.

If we assume a constant value for the first brack-
eted quantity in eqn (5), we can investigate the ap-
proximate relative scattering efficiency of gas-, solid-,
and liquid-based scatterers, For gas-based scatterers,
we assume that «; > « and p, < p. Substituting, we get
for the second bracketed quantity in egn (5)

[ FEeE

Using typical values from Table 1, we get,

= 10", This does not include possible further in-
crease due to bubble resonance, as described later.

For solid scatterers we assume a limiting case
that «; € x and that p, » p. Substituting, we get

—xp 13p,P . 3
[ [ LR 2mis o

Clearly, the scattering cross section in this case is
much smaller than for the case of gas.

Lastly, when we look at liquid based scatterers,
we assume that x; = « and that p, ~ p. Substituting, we

get
[ ] =0, (8)

i.e., we expect very little or no backscatter enhance-
ment. However, since unlike solid scatterers, liquids
could in principle occupy the full diameter of the
vessel through which they flow, the assumption that
the first bracketed term in eqn (5) is constant can be
relaxed 1o accommodate the larger effective size of a
liquid scatterer. Since o is proportional to a° as long
as Rayleigh scattering is maintained, the first brack-
eted term may greatly increase in going from a small
scatterer diameter (~ 1 micron) to small vessel diam-
eter (~ 100 micron). Thus under such circumstances
contrast may occur due to the presence of liquid-
based agents in blood vessels.

For a cloud of small scatterers in low concentra-
tion with individual scattering cross section o, the
effective scattering cross section

e = Mo, )
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Fig. 8. Longitudinal scan of exposed canine kidney in vivo. (A) Control pre-injection of physiological saline. (B)

Post-injection of saline. Note no observable effect. {(C) Pre-injection of sodium citrate. (D} Post-injection of

sodium citrate. Note improved cortical to medullary contrast. (Reprinted with permission from Ophir et al.
1979.)
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Fig. 9. Scattering from a small particle. P = power emitted;

#} = cross scctional area of the beam at the range of the

scatterer; f; = intensity of incident beam at the location of

the scalterer; o = scattering cross section: P, = backscat-
tered power.

P

‘T=R/A

where m is the total number of scatterers in the in-
sonified volume (Newhouse et al. 1980). 1t is there-
fore possible to increase scattering linearly with in-
creasing concentration of scatterers. Note, however,
that this is much less effective than increasing the
diameter and/or the frequency due to the strong
power law dependence on these parameters.

2. Bubble resonance phenomena

Free gas bubbles in a liquid are capable of strong
oscillatory motion, and therefore, theoretical treat-
ments of backscatter (and attenuation) require a dif-
ferent approach from the earlier treatment (Section
I.1.) of long-wavelength scattering from fluid or
solid inhomogeneities.

It is possible to treat small amplitude, radial pul-
sations of bubbles in an ultrasound field using linear
theory in which spring-mass-damping terms can be
identified. The bubble then acts like a harmonic
oscillator with resonance frequency

1 3
fo=——\ /X0

27a Po (10)

Table 1. Compressibility and density of some biclogical
and nonbiological materials. (Shung et al. 1976;
Newhouse et al. 1980; Parker et al. 1987).

Compressibility Density
(x) (n}
Material {cm?/dyne) (gcm™)
Air 23x 10 1.29 x t07?
Water 4.6 x 107" 1.00
Erythrocyte 34 x 10" 1.09
Aluminum 1.3x 107" 2.7
IDE 2 X 10" (est) 24
Nickel 5 xo" 8.8

where g is the bubble radius (assumed to be small
compared to the wavelength), v is the adiabatic ideal
gas constant, and py, po are ambient fluid pressure
and density, respectively (Kinsler et al. 1982).

The above equation gives resonance frequencies
below 1| MHz for bubbles larger than 10 gm, while
smaller bubbles, on the order of 5 microns or less,
have resonances in the medical imaging band of
1-10 MHz.

A bubble in resonance can have a scattering and
absorption cross section over a thousand times
greater than the physical size, thus producing dra-
matic effects on the propagating ultrasonic wave.
This scattered energy can be so strong that detectabil-
ity of isolated individual resonant bubbles in vivo has
been proposed and investigated (Mackay and Rubis-
sow 1978; ter Haar and Daniels 1981).

Resonant bubbles are difficult to usc in practice,
however. The resonant size for conventional imaging
frequencies is in the micron range, but free (unen-
capsulated) bubbles of this size are unstable, dissolv-
ing into surrounding unsaturated water or blood
within 100 ms or so (Crum 1985) under the com-
pressive force of surface tension. If bubbles are en-
capsulated to stabilize them (Feinstein et al. 1984),
then the effective mass, stiffness and damping proper-
ties change, affecting both the resonant frequency
and the strength of response (sce, e.g., Miller and
Nyborg 1983; Neppiras et al. 1983). If larger, stable
bubbles on the order of 10-500 um are injected into
the major vessels, then enhanced backscatier is seen
because of the large size and high impedance mis-
malch presented by the bubbles, and not because of
resonant behavior. Though quite useful for cardiac
studies (Gramiak and Shah 1968: Gramiak et al.
1969), bubbles larger than 3-5 um wili not pass
through the capillary system of the lungs and there-
fore are not distributed to body organs.

IV. ATTENUATION CONTRAST
MECHANISMS

Ultrasound contrast agents are commonly ex-
pected to increase tissue backscatter; however,
changes in attenuation may also prove to be quite
usefutl. It is germane to point out that extreme differ-
ences in attenuation between a lesion and surround-
ing lissue can be inferred from conventional B-scan
images by the “shadowing” or “enhancement” below
the lesion (Kremkau and Taylor 1986), and that this
effect has been helpful in diagnosis. Furthermore, it is
interesting to note that x-ray contrast agents are based
on increased beam attenuvation. CT images made be-
fore and afier contrast injections can be examined for
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local changes in attenuation, measured in Hounsfield
units, Similar techniques may be applied as ultra-
sound attenuation images become feasible. Cur-
rently, the major restriction on acceptable ultrasound
attenuation images is the requirement for large re-
gions of interest so that acoustic speckle fluctuations
can be averaged out. Typically, regions ranging in
area from 1 to 20 cm? are required for accurate atten-
uation estimates {Parker et al. 1987).

Even with these restrictions, it has been possible
to show localized attenuation differences between a
hemangioma and surrounding liver tissue of a pa-
tient, and, in another case, the attenuation difference
between liver and adjacent spleen tissue, as shown in
Fig. 10, using only 2 X 2 cm? regions of interest and
signal processing techniques which are described clse-
where (Parker and Waag 1983; Parker et al. 1984;
Parker et al. 1988). The possibility of quantitative
attenuation images has been explored, and prelimi-
nary results have been encouraging (Walach et al.
1986). Thus, it is feasible that comparison of tissuc
attenuation before and after the introduction of con-
trast agents will yield additional diagnostic informa-
tion.

The mechanisms of increased attenuation which
results from the addition of solid particles to tissue
include scattering and relative motion. Longitudinal
wave scattering by the particles (eqn 3) is responsible
for the increased backscatier and results in a small
loss, or attenuation of the ultrasound pulse. However,
for particles such as dense IDE spheres (Parker ct al.
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1987), the losses due to scallering are over two orders
of magnitude below losses due to relative motion,
which describes the viscous losses caused by the dif-
ference between the displacements of particle and
surrounding medium,

Under a number of assumptions (Parker et al.
1987; Carstensen and Schwan 1959; Fry 1952; Alle-
gra and Hawley 1972) the attenuation caused by rela-
tive motion can be shown to be proportional to:

N 2
a=N("’p ") (@, w,m, p) (1)

where N is the number of particles per unit volume, p,
and p are the particle and tissue (fluid) densities, and
JS(+} is a complicated function of particle radius a,
frequency w, fluid viscosity 5, and density p.

The theory of relative motion provided a good
maich to measured values of TDE particles in agar, as
shown in Fig. 11, however results were different for
IDE particles in excised rat liver, as shown in Fig. 12.
One additional factor in rat liver is the agglomeration
of particles by Kupffer cells, which may produce a
larger “effective” particle diameter and other effects
{Parker et al. 1987; Lerner et al. 1988). At non-lcthal
doses used to enhance liver backscatter by 1DE parti-
cles, the attenuation increase shown in Fig, 10 is
greater than 10% over a wide range of frequencies, a
sufficient attenuation change for detectability using
current in vivo attenuation estimators (Parker 1986).

Attenuation changes by injected fluids are more
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Fig. 10. Values of attenuation within different regions of two abdominal B-scans. In one case, atienuation within
a 3 cm diameter haemangioma is lower than that of the surrounding liver. In another case, atienuation within an
enlarged spleen was found to be lower than that in the patient's liver. Attenuation values are plotted as a two
parameter power law fit, where oy is the magnitude and »n the frequency dependence of attenuation, and where
the dotted line indicated the region of normal liver values according to the methods of Parker et al. (1988). These
results indicate that atienuation estimates can reveal underlying difference between neighboring regions of tissue,
regardless of whether the region is hyperechoic (as in the haemangioma lesion) or hypoechoic (as in the spleen)
compared to normal liver. (Parker, K. J. Unpublished material.)
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Fig. 11. Attenuation (divided by [requency) versus frequency for plain 2% agar (lower), and agar with 3.2 meg/ce

of 1.0 um IDE particles (mean and 1 sd shown for three different samples of 3.2 mg/cc particle suspensions), The

solid line for agar represents a curve fit, whereas the solid line for agar-IDE suspensions (lop) is a theoretical curve

obtained using relative motion to predict the excess attenuation caused by 1.0 um particles. This theory provides

a good description of the magnitude and frequency dependence of attenuation of IDE suspensions in agar.
(Reprinted with permission from Parker ct al. 1987.)

fI -
| o
7,00 1 B EE’:E

”~~
B ~r
= .00 + \I -
~ -
E ~ I—-:E
3]
P
= S.00 T
—y
o
~ 4,00 1
-4
C 3.00 +
[
~
c
3 z.w -
e}
<
1.00

L2 2% 4 s & 7 8 8 10 11 12 13

Frequency (MHz2)

Fig. 12. Attenuation (divided by frequency) versus frequency for normal rat livers with approximately 1.6 mg/cc
of 1.0 um IDE particles, excised 2 hours following intravenous injection of particulate suspension. Solid line
(lower) is a power law curve fit to mean values of 25 normal livers (sd + 7% not shown). Data points (upper) are
mean and single sd for a group of 4 livers with IDE particles. The excess attenuation resulting from particle
uptake in liver is different from that found in agar, possibly indicating additional interactions such as the
aggregation of particles by Kupffer cells. (Reprinted with permission from Parker et al. 1987.)
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difficult to analyze because of the complex distribu-
tion within the vasculature. However, a highly atten-
uating fluid perfused into the capillary bed of an
organ could increase bulk attenuation, through sim-
ple mixture rules. The resulting attenuation cocffi-
cient would be, to first order, the sum of the individ-
ual attenuation coefficients, times their volume frac-
tions x, that is,

o« = Xroap+ X, (12)
where
xrtx=1, (13)

and where the subscripts fand ¢ refer to contrast fluid
and tissue, respectively.

Even at low concentrations, absorption due to
resonant bubbles in tissue may be sufficiently large
(Nyborg 1985) as to possibly degrade imaging by lim-
iting penetration depth. However, as mentioned pre-
viously, free resonant bubbles which are small
enough to pass through the capillary bed are unstable,
and coated microbubbles will require further analysis
for attenuation properties.

V. SPEED OF SOUND CONTRAST
MECHANISMS

In addition to backscatier and attenuation, the
use of the speed of sound parameter and its depen-
dence on the presence of a contrast agent is an inter-
esting possibility. Apparatus for the measurement of
speed of sound in vivo exist experimentally (Robin-
son et al, 1982; Bamber and Abbott 1985 linuma et
al. 1985; Katakura et al. 1985; Hayashi et al. 1985;
Ohtsuki et al. 1985; Ophir 1986). Potential contrast
agents which have low (Mattrey et al. 1983) or high
(McWhirt 1979) speed of sound relative to tissue
have been described.

A suspension of solid particles in a liquid, or of
liquid droplets in a liquid, produces an increase of
damping and a change of velocity of sound in the
mixture. If the particles suspended in the liquid are
sufficiently small compared to the ultrasound wave-
length, the composite medium may for convenience
be regarded as homogeneous and the fine structure of
sound transmission ignored (Wood 1964).

To determine the velocity of sound in the com-
posite we assume that the velocity is the same as the
homogeneous fluid of the same mean density and
mean compressibility as in the composite (Wood
1964). Let p;, x,, and p;, « represent the density and
the compressibility of the constituents 1 and 2, re-
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spectively., Then let x = the proportion of the first
constituent by volume and (1 — x} = the proportion
of the seccond constituent by volume. The mean den-
sity p is therefore

p=xp + (1 = x)p;. (14)

The compressibilities add is a manner analogous to
resistances in parallel, that is,

%=£+“_x), (15)

K K2
from which the mean compressibility

K1Kz
K= ——
Xxy + {1 = x),

(16)

Therefore the mean velocity of sound

ALl KiK2 1/2
€ (;) - {[x'fz + (1 =) )[xp + (1 = x)ﬂz]] )
(1

If we assume that the density and compressibility
of the tissue are approximately known, and that the
contrast materials are well characterized, measurable
changes in the speed of sound in the tissue allow
calculation of the amount of contrast material which
is present in the tissue. This quantitative attribute of
speed of sound contrast would make it suitable for
temporal tissue perfusion studies.

As an example, some of the fluorocarbon mate-
rials can be injected in large amounts (Mattrey et al.
1983} and have speeds of sound on the order of 600
ms . If 2% of the target organ volume is displaced by
such a material, approximately a 1% reduction of the
speed of sound in the tissue will result. Such a change
should be measurable using some current experimen-
tal methods (Ophir 1986).

VI. CONTRAST VS. TOXICITY

Since contrast enhancement depends on the ad-
ministration of a quantity of contrast material into a
biological system, the attainable contrast is ultimately
limited by the short- and long-term toxic effects of
such substances. Thus a quality factor for contrast
agents may be defined as

|contrast enhancement/dose|
5 o . 18
Q | toxicity/dose | (18)

Contrast enhancement may be defined as the maxi-
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Table 2. Advantages and disadvaniages of free gas bubbles,

Frec gas bubbles

Advantages

[. Extremely efficicnt backscatier enhanced even at small size
and concentration

2. Potcntial low toxicity

3. Could be used for right heart, bile ducts

Disadvantages

I. No transpulmonary transport--not suitable for soft tissue
contrast

2. Short half-life

mum percent change in the contrast effect due to the
introduction of the contrast material. Toxicity may
be defined in many ways; one way is the inverse of the
LDsp, which is the dose which is lethal to 50% of the
experimental animals. It appears from the above
equation that the dose can be canceled out. However,
both contrast enhancement and toxicity may in gen-
eral be nonlinearly related to dose. Thus @ itself is a
function of dose, and a more precise way 1o define Q
at any given dose is

0 (dose) = |contrast cnhanccmenl]
I toxicity haone”

(19)

In order to increase @, one can strive to increase
the numerator and/or decrease the denominator of
this quotient. Increasing the numerator has been dis-
cussed previously. Decreasing the denominator can
be attempted in a variety of ways (Gobuty 1987).
These include

1. Change in the rate of administration of the
agent,

2. Simultaneous administration of a buffering
compound which reduces the toxicity of the contrast
agent alone,

3. Change in the route of administration, and

4. Increase in the rate of elimination of the
agent via other drugs.

Table 3. Advantages and disadvantages
of encapsulaied gas bubbles,

Encapsulated gas bubbies

Advantages

1. Efficient scatterers

2. Potential low toxicity

3. Small sizes (<2 pm) could be used for soft tissue contrast

Disadvantages
1. Difficult to manufacture in small sizes due to leakage
2. Larger sizes are of limited usc

Table 4. Advantages and disadvantages
of colloidal suspensions,

Colloidal suspensions

Advantages

. Could be used for sofi tissue backscatter contrast (liver, spleen?)
. Relatively efficient scatterers

. Long half life

. Possibility of attenuation contrast

. Possibility of sclective biodistribution

. Possibility of enhanced scatter from clumping in Kupffer cells

DD BN -

Disadvantages
1. Toxicity may be high
2. Long halflife

In addition to thesc factors, other variables may
be controlled which will reduce the dose required to
elicit contrast. Sensitivity of the instrumentation to
contrast effects can be increased by using quantitative
measures for estimating the enhancement of back-
scatter, and by employing image subtraction tech-
niques (as used in angiography) to greatly emphasize
small changes in such backscatter {Gobuty et al.
1988).

VII. CONCLUSION

We have revicwed various classes of ultrasound
conirast agents. The basic acoustic mechanisms of
scattering, attenuation, and speed of sound have been
presented so that relative merits of gas bubbles, solid
particles, fluids, and other agents can be compared.

It should be stressed that the use of ultrasound
contrast agents today is essentially experimental. This
is due to the many practical difficultics with identify-
ing and manufacturing suitable “high Q" contrast
agents, the scarcity of equipment for quantifying their
effect, and the significant effort required to character-
ize their biodistribution and toxicity.

Tables 2 through 5 list the advantages and disad-
vantages of the main classes of contrast agents, Given
the wide range of clinical objectives such as opacifi-

Table 5. Advantages and disadvantages
of emulsions and solutions.

Emulsions/Solutions

Advantages

1. Could be used for soft tissue contrast {kidney?)
2. Possibility of dynamic studies

3. Possibility of speed of sound contrast

Disadvantapes

1. Toxicity may be high

2. Relatively incfficient scatterers (but presence in large vessels
could compensate)
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cation of luminal boundaries, blood flow markers
and soft tissue enhancement and differentiation, it is
unlikely that any single class of materials will func-
tion as a universal ultrasound contrast agent. The
clinical need for ultrasound contrast agents is high,
but much interdisciplinary research, covering acous-
tic material properties, imaging, biochemistry, histol-
ogy, toxicology, and related specialtics will be re-
quired before ultrasound contrast agents are com-
mercially available and in routine clinical use.
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