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(57) ABSTRACT

Provided herein are compositions comprising a microbubble
contrast agent, wherein at least 20% by volume of the
microbubbles in the contrast agent has a size of less than 1
micron, wherein the contrast agent produces non-linear scat-
tering when contacted by ultrasound at a frequency above 20
MHz. Provided herein are compositions comprising a
microbubble contrast agent, wherein at least 10% by volume
of the microbubbles in the contrast agent has a size of less than
500 nanometers, wherein the contrast agent produces non-
linear scattering when contacted by ultrasound at a frequency
above 20 MHz. Provided herein are compositions comprising
amicrobubble contrast agent, wherein at least 5% by volume
of the microbubbles in the contrast agent has a size of less than
200 nanometers, wherein the contrast agent produces non-
linear scattering when contacted by ultrasound at a frequency
above 20 MHz. The disclosed contrast agents can be targeted
contrast agents. Further provided are methods of using the
compositions disclosed herein. Specifically provided are
methods for producing an ultrasound image comprising:
administering contrast agent to a laboratory animal; generat-
ing ultrasound at a frequency of at least 20 MHz; transmitting
ultrasound at a frequency of at least 20 MHz into the subject;
receiving non-linear ultrasound from the contrast agent in the
subject; processing the received ultrasound to provide an
image.

35 Claims, 36 Drawing Sheets
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HIGH FREQUENCY ULTRASOUND
IMAGING USING CONTRAST AGENTS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to U.S. Provisional Appli-
cation No. 60/538,174, filed Jan. 20, 2004. The aforemen-
tioned application is herein incorporated by reference in its
entirety.

BACKGROUND

Small animal or laboratory animal research is a corner-
stone of modern biomedical advancement. Research using
small animals enables researchers to understand complex
biological mechanisms, to understand human and animal dis-
ease progression, and to develop new drugs to cure or allevi-
ate many human and animal maladies. Small animal research
is important in many areas of biomedical research including
neurobiology, developmental biology, cardiovascular
research and cancer biology. Cardiovascular disease and can-
cer are currently two of the most common causes of death and
morbidity in our society. Therefore, it is extremely important
for small animal research to be sufficiently sophisticated and
efficient to allow for medical advance in these and other
categories of disease.

For small animal research to continue to advance the under-
standing of diseases, it is of great benefit for researchers to
image or visualize structures within a small animal. Struc-
tures within the small animal that could benefit from imaging
include, but are not limited to, tissues, organs, and cavities.
Moreover, it is valuable for these structures to be imaged
longitudinally over an animal’s lifetime. One method for
visualizing structures within a small animal is invasive sur-
gery. Invasive surgery involves surgically invading an animal
to visualize its internal structures. Once the animal is incised
and the desired structure visualized, the animal’s incision can
be closed and the animal can be allowed to recover, or the
animal can be sacrificed. If a researcher wants to visualize the
same structure at a subsequent time in the animal’s lifetime,
surgery can be repeated on the same animal, or, if the small
animal was sacrificed, a different animal can be visualized at
the desired period in its life. Invasive surgery, however, has
many drawbacks.

The drawbacks of invasive surgery include, but are not
limited to, poor results, potential surgical complications and
high costs. Results obtained using surgery are often poor
because surgery can stress the animal or cause post surgical
complications, including infection. An animal’s stress
response to surgery may prevent a researcher from drawing
accurate conclusions regarding that animal’s response to a
given disease, drug, or medical procedure. Post surgical
infection can also negatively affect results. Moreover, an
infection can kill the animal, or require the animal to be
medically treated or sacrificed. If an animal dies from infec-
tion, another post surgical complication, or is sacrificed,
another animal must be studied. When a different animal must
be used, inaccuracies are inherently introduced into a
researcher’s findings. These inaccuracies may be due to indi-
vidual differences between study animals, differing hus-
bandry conditions, or any other number of potential differ-
ences. All of these drawbacks increase the cost of research by
increasing the number of animals needed and by making poor
results more likely.

Non-invasiveultrasound has long been used as adiagnostic
tool to aid in therapeutic procedures. It is based on the prin-
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ciple that waves of sound energy can be focused upon an area
of interest, reflected and processed to produce an image. To
improve the images obtained using conventional, or low fre-
quency ultrasound, echogenic contrast agents are sometimes
used to create a reflector of ultrasonic energy in an area of
interest. In conventional frequency ultrasound, a rapid devel-
opment of microbubble contrast imaging techniques for
medical ultrasound has occured. Non-linear scattering from
resonant bubble population has been exploited to implement
a variety of detection methods, which are used to suppress
tissue signals and enhance the detection of blood. Non-linear
microbubble imaging for commercial ultrasound operating at
conventional frequencies has demonstrated important clini-
cal utility in improving structure visualization including
improving small vessel detection and in cardiac chamber
imaging. Because conventional frequency ultrasound opet-
ates in the 1-8 MHz range, microbubble contrast agents have
been designed to work well within this frequency range.

Ultrasound has recently been adapted for use in small
animal research. In particular, high frequency ultrasound has
been used to visualize anatomical structures and hemody-
namic function in longitudinal studies of small animals. High
frequency ultrasound imaging of small animals is non-inva-
sive and allows longitudinal studies of individual animals.
These studies reduce the number of animals required for
analysis and alleviate many problems associated with inva-
sive surgery. Potential areas of small animal research where
high frequency ultrasound imaging is beneficial include, but
are not limited to, cancer and angiogenesis studies, develop-
mental biology, cardiovascular research and neurological
research. In each of these areas, ultrasound imaging offers the
distinct advantage of non-invasive longitudinal studies that
were previously unavailable using invasive surgery or con-
ventional frequency ultrasound.

To improve on these advantages it would be desirable to
take advantage of non-linear scattering by microbubble con-
trast agents of high frequency ultrasound in small animals.
Improved high frequency ultrasound imaging in small ani-
mals using microbubble contrast agents could improve the
sophistication and efficiency of biomedical research and drug
development in small animals. The need exists in the art for a
method of producing an ultrasound image of a small animal
and its internal structures that is enhanced by non-linear scat-
tering of ultrasound by microbubble contrast agents. A need
also exists for a composition of microbubbles designed to
enhance imaging when high-frequency ultrasound is utilized.

SUMMARY

Provided herein are microbubble contrast agents designed
for use with high frequency ultrasound and methods of using
these contrast agents to enhance high frequency ultrasound
imaging in small laboratory animals.

Further provided herein is a composition comprising a
microbubble contrast agent, wherein at least 20% by volume
of the microbubbles in the contrast agent have a size of less
than 1 micrometer (um) also referred to throughout as
“micron”, wherein the contrast agent produces non-linear
scattering when contacted by ultrasound at a frequency above
20 MHz. Also provided herein are compositions wherein at
least 30%, 40%, 50% or 75% by volume of the microbubbles
in the contrast agent have a size of less than 1 micron. In
another embodiment, the microbubbles in the contrast agent
have at least 10% by volume of a size less than 500 nanom-
eters, or in another embodiment, at least 5% by volume of the
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microbubbles in the contrast agent have a size of less than 200
nanometers. Optionally, the compositions comprise a tar-
geted contrast agent.

Also provided herein are compositions wherein the
microbubble contrast agent produces non-linear scattering
when contacted by ultrasound at a frequency above 30 MHz,
40 MHz, 50 MHz or 60 MHz. Further, transducer operating
frequencies significantly greater than those mentioned above
are also contemplated. In another embodiment, the
microbubbles can be disrupted or popped by the ultrasound at
a frequency above 20 MHz. The microbubbles may also be
disrupted by ultrasound at a frequency above 30 MHz, 40
MHz, 50 MHz or 60 MHz.

Also provided herein is a method for producing an ultra-
sound image comprising administering contrast agent to a
laboratory animal, generating ultrasound at a frequency of at
least 20 MHz, transmitting ultrasound energy at a frequency
of at least 20 MHz into the subject, receiving non-linear
ultrasound energy from the contrast agent in the subject and
processing the received ultrasound to provide an image.
Optionally, the contrast agent is a targeted contrast agent. In
one embodiment of the method, the contrast agent is a
microbubble contrast agent. The methods provided herein
can be used to image any laboratory animal but is especially
suited for a mouse or a rat. The methods can also be used to
image organs of a laboratory animal. The organs imaged can
include, but are not limited to, a lung, a heart, a brain, a kidney
aliver and blood. In one embodiment the organ imaged is the
organ of a mouse or a rat. The methods can also be used to
image a neoplastic condition in a laboratory animal. In one
embodiment the neoplastic condition is in a mouse or a rat.

Such methods can also provide an image in real-time and
can provide an image having a spatial resolution of less than
100 microns. The methods can also be used to produce an
image having a frame rate of at least 15 frames per second
(fps). In another embodiment, a contrast agent can be targeted
to a particular cell type, tissue type or organ.

The disclosed methods include embodiments where in the
contrast agent is disrupted by a pulse of ultrasound energy.

Also provided are methods wherein at least 20% by volume
of the microbubbles in the contrast agent have a size of less
than 1 micron. In other embodiments at least 30%, 40%, 50%
or 75% by volume of the microbubbles in the contrast agent
have a size of less than 1 micron. Also provided herein is a
method wherein the ultrasound is generated and transmitted
at least at 30 MHz, 40 MHz, 50 MHz or 60 MHz. Further,
transducer operating frequencies significantly greater than
those mentioned above are also contemplated.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in
and constitute a part of this specification, illustrate several
aspects described below.

FIG. 1 shows a size statistics report of microbubble con-
trast agent by intensity.

FIG. 2 shows a size statistics report of microbubble con-
trast agent by volume.

FIG. 3 shows a size statistics report of microbubble con-
trast agent by number.

FIG. 4 shows a diagram of one embodiment of an exem-
plary ultrasound imaging system that can be used with the
disclosed compositions and methods.

FIG. 5 shows a block diagram illustrating the exemplary
ultrasound imaging system of F1G. 4.
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FIG. 6 shows a block diagram of an exemplary ultrasound
imaging system that can be used with the disclosed compo-
sitions and methods.

FIGS. 7A and 7B show schematic representations depict-
ing methods of ultrasound imaging using the disclosed com-
positions and methods.

FIGS. 8A through 8F show schematic diagrams illustrating
an exemplary system for generating an ultrasound image
using line based image reconstruction that can be used with
the disclosed compositions and methods.

FIG. 9 shows an exemplary electrocardiogram signal used
in the system of FIG. 6.

FIG. 10 shows a flowchart illustrating the overall operation
of the system for producing an ultrasound image using line
based image reconstruction that can be used with the dis-
closed compositions and methods.

FIG. 11 shows a flowchart illustrating the operation of the
acquisition block of FIG. 10.

FIG. 12 shows a flowchart illustrating the operation of the
process data block of FIG. 10.

FIG. 13 shows a schematic view of an ultrasound system of
FIG. 6 or FIG. 4.

FIG. 14 shows a schematic view of an ultrasound scanhead
of FIG. 6 or FIG. 4.

FIG. 15 shows a schematic view of the electrodes of F1G. 6
or FIG. 4.

FIG. 16 shows a plan view of FIG. 15.

FIG. 17 shows a block diagram overview of the main
components of an exemplarly nonlinear B-scan imaging sys-
tem. The original linear imaging UBM system elements have
been modified by the introduction of a transmit filter and
received signals are conditioned by an additional amplifica-
tion and filtering stage (shaded blocks). Nonlinear signals in
the SH20, UH20, Sec20, or SH30 are isolated by selection of
the appropriate filters.

FIG. 18 shows the plot of peak negative pressure versus
normalized transmit amplitude, as measured in a water tank
by a 25 pm hydrophone located at focus.

FIG. 19 shows the plot of the ratio of second harmonic over
fundamental as a function of transmit amplitude indicates that
significant nonlinear propagation occurs under the conditions
employed herein. Results are from water tank hydrophone
measurements at focus.

FIG. 20 shows a block diagram overview of the flow cell
configuration employed for agent characterization.

FIGS. 21a, b and ¢ show received spectra from Definity™
within the flow cell under the conditions employed herein.
Top (a), middle (b), and bottom (c) plots indicate results for 4,
6, and 10 cycle settings respectively. For each pulse length,
the results for different pressures are normalized with respect
to the peak signal at the fundamental frequency at the highest
transmit amplitude.

FIGS. 224, b, ¢ and d show example B-scan images of a 1
mm wall-less vessel phantom in FN20 (a), Sec20 (b), SH20
(¢), and UH20 (d) imaging modes. Both FN20 and Sec20
images show poor contrast between the vessel and tissue
regions. However, SH20 and UH20 imaging suppresses the
tissue signal to below the noise floor. Transmit settings are 6
cycles and —6 dB transmit amplitude. The images are 8 mm
square, and the spacing between the large ticks on the vertical
scale is 1 mm.

FIGS. 23a and b show example B-scan images of a 1 mm
wall-less vessel phantom in FN30 (a) and SH30 (b) imaging
modes. Again the use of subharmonic imaging has resulted in
the suppression of tissue signal to below the noise floor. The
images are 8 mm square, and the spacing between the large
ticks on the vertical scale is 1 mm.
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FIGS. 24a, b, ¢ and d show quantitative analysis of the
performance of linear and nonlinear imaging modes as a
function of transmit pulse length ((J-4 cycles; 0-6 cycles;
V-10 cycles) and transmit amplitude. Contrast to tissue ratios
for F20 (a) is modest, by choice of the agent concentration,
and increases slightly with MI. Sec20 (b) imaging has similar,
but slightly lower levels of CTR as compared to F20. Both
SH20 (¢) and UH20 (d) have suppressed the tissue signal and
have substantial CNR that increase with MI.

FIGS. 25a and b show In vivo demonstration of nonlinear
B-scan imaging in the mouse heart. a) Short axis view of aleft
ventricle (LV) of a mouse heart in fundamental at 20 MHz. b)
a SH20 image clearly shows the suppression of the tissue
signal, leaving a view of agent located within the left ven-
tricle.

FIGS. 264 and b show In vivo demonstration of nonlinear
B-scan imaging in the microvasculature of a rabbit ear. a) 20
MHz B-scan fundamental mode image of a rabbit ear in cross
section, where the presence of a 300-400 um diameter
microvessel (V) is evident by its hypoechogenecity relative
to the surrounding tissue prior to the injection of contrast. b)
SH20 inset image of this same region after the introduction of
contrast. The tissue has been suppressed, leaving an image of
the 400 pum vessel as well as signals from several smaller
vessels that were not visible in the original scan.

FIG. 27 shows a block diagram overview of an exemplary
nonlinear color flow imaging system, where components spe-
cifically related to nonlinear imaging are highlighted. The
dashed box indicates components related to the VS40 PLUS
VEVO 660 system. The received nonlinear signals are 1so-
lated with analog filtering, undergo coherent quadrature ana-
log demodulation, and are then acquired on a separate PC
based acquisition system. Note that =20 dB bandpass cut-off
frequencies are specified.

FIGS. 284, b and ¢ show a schematic overview of nonlinear
signal conditioning approach. Received signals from exiting
protection circuitry (a) contain subharmonic, fundamental,
ultraharmonic and second harmonic energy. These are band-
pass filtered to extract the subharmonic (b), which is then
quadrature demodulated to obtain baseband signals (c¢).

FIGS. 294, b, ¢ and d show color flow imaging using a 1
mm diameter wall-less vessel phantom. (a) fundamental 20
MHz B-scan image of the vessel (large hache marks separated
by 1 mm); (b)inset. SH20 Doppler power (c) and velocity (d)
images of the vessel illustrate the ability to form color flow
images using nonlinear scattering at high frequencies.

FIGS. 30qa, b and ¢ show In vivo demonstration of SH20
velocity in the microvasculature of a rabbit ear. a) A 19 MHz
B-scan fundamental mode image of a rabbit ear in cross
section, where the presence of a 300-400 um diameter
microvessel (‘V’) is evident. Linear 20 MHz PWD at a central
position within the vessel (b). A SH20 inset velocity image (c)
of the vessel region after the introduction of contrast. A veloc-
ity image can be formed, and the resulting velocities are
comparable to those indicated by the PWD spectrum.

DETAILED DESCRIPTION

As used in the specification and the appended claims, the
singular forms “a,” “an” and “the” include plural referents
unless the context clearly dictates otherwise. Thus, for
example, reference to “a contrast agent” can include mixtures
of two or more such agents unless the context indicates oth-
erwise.

Although the methods and compositions have been
described with reference to specific details of certain embodi-
ments thereof, it is not intended that such details should be
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regarded as limitations upon the scope of the invention except
as and to the extent that they are included in the accompany-
ing claims.

It is understood that there are a number of values disclosed
herein, and that each value is also herein disclosed as “about”
that particular value in addition to the value itself. For
example, ifthe value “20” is disclosed, then “about 20 is also
disclosed. It is also understood that when a value is disclosed
that “less than or equal to” the value, “greater than or equal to
the value” and possible ranges between values are also dis-
closed, as appropriately understood by the skilled artisan. For
example, if the value “20” is disclosed the “less than or equal
to 207 as well as “greater than or equal to 20" is also disclosed.
It is also understood that the throughout the application, val-
ues are provided in a number of different formats, and that
these values represent endpoints and starting points, and
ranges for any combination of the values. For example, if a
particular value “20” and a particular value “30” are dis-
closed, it is understood that greater than, greater than or equal
to, less than, less than or equal to, and equal to 20 and 30 are
considered disclosed as well as between 20 and 30.

Provided herein is a composition comprising a
microbubble contrast agent, wherein at least 20% by volume
of the microbubbles in the contrast agent have a size of less
than 1 micrometer (um) also referred to throughout as
“micron”, wherein the contrast agent produces non-linear
scattering when contacted by ultrasound at a frequency above
20 MHz. The ultrasound can be transmitted and generated
using a pulsed-wave doppler system as described in example
2. Moreover, color flow doppler, pulsed-wave doppler, con-
tinuous wave doppler, and power flow doppler processing of
received ultrasound can be used. Also provided herein are
compositions wherein at least 30%, 40%, 50% or 75% by
volume of the microbubbles in the contrast agent have a size
of less than 1 micron. In another embodiment, the
microbubbles in the contrast agent have at least 10% by
volume of a size less than 500 nanometers, or in another
embodiment, at least 5% by volume of the microbubbles in
the contrast agent have a size of less than 200 nanometers.
Examples of commercial microbubble contrast agents
include, but are not limited to, Definity™, Sonovue™, Levo-
vist™ and Optison™. Examples of microbubble contrast
agents are described in U.S. Pat. Nos. 5,529,766, 5,558,094,
5,573,751, 5,527,521, 5,547,656, 5,769,080, 6,652,782,
5425366, 5,141,738, 4,681,119, 4,466,442, 4,276,885,
6,200,548, 5,911,972, 5,711,933, 5,686,060, 5,310,540,
5,271,928.

A typical contrast agent comprises a thin flexible or rigid
shell composed of albumin, lipid or polymer confining a gas
such as nitrogen or a perflurocarbon. Other examples of rep-
resentative gases include air, oxygen, carbon dioxide, hydro-
gen, nitrous oxide, inert gases, sulpher fluorides, hydrocar-
bons, and halogenated hydrocarbons. Liposomes or other
microbubbles can also be designed to encapsulate gas or a
substance capable of forming gas as described in U.S. Pat.
No. 5,316,771. In another embodiment, gas or a composition
capable of producing gas can be trapped in a virus, bacteria, or
cell to form a microbubble contrast agent.

A contrast agent can be modified to achieve a desired
volume percentage by a filtering process, such as by micro or
nano-filtration using a porous membrane. Contrast agents can
also be modified by allowing larger bubbles to separate in
solution relative to smaller bubbles. For example, contrast
agents can be modified by allowing larger bubbles to float
higher in solution relative to smaller bubbles. A population of
microbubbles of an appropriate size to achieve a desired
volume percentage can subsequently be selected. Other
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means are available in the art for separating micron-sized and
nano-sized particles and can be adapted to select a
microbubble population of the desired volume of submicron
bubbles such as by centrifugation. The number of mico and
nanobubbles of differing sizes (FIG. 1) can be determined, for
example, using an optical decorrelation method. The diam-
eter of mico and nanobubbles making up given volume per-
centage (FIG. 2) can also be determined and the number
percentage of micro and nanobubbles at different sizes (FIG.
3) can also be determined. For optical decorrelation methods
a Malvin™ Zetasizer™ or similar apparatus may be used.

Also provided herein are compositions wherein the
microbubble contrast agent produces non-linear scattering
when contacted by ultrasound at a frequency above 30 MHz,
40 MHz, 50 MHz or 60 MHz. Non-linear scattering can be
measured, for example, as set forth herein. Further, trans-
ducer operating frequencies significantly greater than those
mentioned above are also contemplated. In another embodi-
ment, the above contrast agent compositions can be disrupted
or popped by the ultrasound energy at a frequency above 20
MHz. As used throughout, “disrupted” or “destroyed”” means
that a microbubble is fragmented, ruptured, or cracked such
that gas escapes from the microbubble. The compositions
may also be disrupted by ultrasound at a frequency above 30
MHz, 40 MHz, 50 MHz or 60 MHz. The destruction or
popping creates a means of probing perfusion of selected
tissues or a means for releasing a therapeutic payload.

Also provided herein is a method for producing an ultra-
sound image comprising administering contrast agent to a
laboratory animal, generating ultrasound at a frequency of at
least 20 MHz, transmitting ultrasound at a frequency of at
least 20 MHz into the subject, receiving non-linearultrasound
from the contrast agent in the subject and processing the
received ultrasound to provide an image. In one embodiment
of the method, the contrast agent is a microbubble contrast
agent. Once transmitted the ultrasound interacts with the
laboratory animal’s tissue and the contrast agent. The ultra-
sound is reflected by structures within the animal and scat-
tered non-linearly by the contrast agent. Echos resulting from
interactions with the animal and contrast agent return to an
ultrasound imaging system. After ultrasound energy is
received it is processed to form an image.

Administration of contrast imaging agents of the present
invention may be carried out in various fashions, such as
intravascularly, intralymphatically, parenterally, subcutane-
ously, intramuscularly, intraperitoneally, interstitially, hyper-
barically, orally, or intratumorly using a variety of dosage
forms. One preferred route of administration is intravascu-
larly. For intravascular use the contrast agent is generally
injected intravenously, but may be injected intraarterially as
well. The useful dosage to be administered and the mode of
administration may vary depending upon the age and weight
of the subject, and on the particular diagnostic application
intended. Typically, dosage is initiated at lower levels and
increased until the desired contrast enhancement is achieved.
Generally, the contrast agent construed in accordance with
embodiments of the invention is administered in the form of
an aqueous suspension such as in water or a saline solution
(e.g., phosphate buffered saline). The water can be sterile and
the saline solution can be a hypertonic saline solution (e.g.,
about 0.3 to about 0.5% NaCl), although, if desired, the saline
solution may be isotonic. The solution also may be buffered,
if desired, to provide a pH range of pH 6.8 to pH 7.4. In
addition, dextrose may be included in the media.

The contrast agent provided herein, while not limited to a
particular use, can be administered intravenously to a labora-
tory animal. A laboratory animal includes, but is not limited
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to, a rodent such as a mouse or arat. As used herein, the term
laboratory animal is also used interchangeably with small
animal, small laboratory animal, or subject, which includes
mice, rats, cats, dogs, fish, rabbits, guinea pigs, rodents, etc.
The term laboratory animal does not denote a particularage or
sex. Thus, adult and newborn animals, as well as fetuses
(including embryos), whether male or female, are included.

In one embodiment, the contrast agent is administered
intravenously to a mouse or a rat. In another embodiment, the
contrast agent is administered into the tail vein of a mouse or
a rat. The intravenous injection can be administered as a
single bolus dose, or by repeated injection or continuous
infusion. Effective dosages and schedules for administering
the compositions may be determined empirically, and making
such determinations is within the ordinary skill in the art. The
dosage range for the administration of the compositions are
those large enough to produce the desired ultrasound imaging
effect. Such an effect typically includes an increased return
from the contrast agent versus a reduced return from sur-
rounding tissue. The dosage should not be so large as to cause
adverse side effects. Generally, the dosage will vary with the
ultrasound imaging protocol and the desired imaging charac-
teristics, and can be determined by one skilled in the art. The
dosage can be adjusted by the individual researcher. Dosage
can vary, and can be administered in one or more dose admin-
istrations daily, for one or several days. The ultrasound can be
transmitted immediately after administration of contrast
agent or at any time interval subsequent to contrast agent
administration. Ultrasound imaging can also begin prior to
administration, continue throughout the administration pro-
cess, and continue subsequent to the completion of adminis-
tration. The imaging can also take place at any discrete time
prior to, during or after administration of the contrast agent.

The methods described herein can be used to image a
mouse or a rat. The methods above can also be used to image
organs of a laboratory animal. The organs imaged can
include, but are not limited to a lung, a heart, a brain, a kidney
aliver and blood. In one embodiment, the organ imaged is the
organ of a mouse or a rat. The compositions and methods can
also be used to image physiological or pathological processes
such as angiogenesis.

The methods described can also be used to image a neo-
plastic condition in a laboratory animal. For example, the
methods can be used to image angiogenesis in a subject
associated with tumor growth. A representative but non-lim-
iting list of cancers that the disclosed method can be used to
image is the following: lymphoma, B cell lymphoma, T cell
lymphoma, mycosis fungoides, Hodgkin’s Disease, myeloid
leukemia, bladder cancer, brain cancer, nervous system can-
cer, head and neck cancer, squamous cell carcinoma of head
and neck, kidney cancer, lung cancers such as small cell lung
cancer and non-small cell lung cancer, neuroblastoma/glio-
blastoma, ovarian cancer, pancreatic cancer, prostate cancer,
skin cancer, liver cancer, melanoma, squamous cell carcino-
mas of the mouth, throat, larynx, and Iung, colon cancer,
cervical cancer, cervical carcinoma, breast cancer, and epi-
thelial cancer, renal cancer, genitourinary cancer, pulmonary
cancer, esophageal carcinoma, head and neck carcinoma,
large bowel cancer, hematopoietic cancers, testicular cancer,
colon and rectal cancers, prostatic cancet, or pancreatic can-
cer. In one embodiment, the neoplastic condition imaged is
found in a mouse or a rat.

The methods described can be used to provide an image in
real-time and can provide an image having a spatial resolution
of less than 100 microns. The methods can also be used to
produce an image having a frame rate of at least 15 frames per
second (fps).
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Provided herein is a method of producing an ultrasound
image comprising administering a targeted contrast agent to a
subject, generating ultrasound at a frequency of at least 20
MHz, transmitting ultrasound at a frequency of at least 20
MHz into the subject, receiving non-linear ultrasound scat-
tered from the contrast agent in the subject and processing the
received ultrasound to provide an image. The ultrasound can
be generated and transmitted using a pulsed-wave doppler
system as described in example 2. Optionally, the ultrasound
can be generated and transmitted at least 30, 40, 50 or 60
MHz. Optionally, the ultrasound can be transmitted percuta-
neously or extravascularly.

Several strategies can be used to direct ultrasound contrast
agent to a desired target. One strategy takes advantage of the
inherent chemical properties of the microbubble shell com-
ponents. For example, albumin or lipid microbubbles can
attach to the surface of target cells via cell receptors. Another
strategy involves conjugation of specific ligands or antibodies
that bind to desired markers.

A targeted contrast agent is an ultrasound contrast agent
that can bind selectively or specifically to a desired target.
Such selective or specific binding can be readily determined
using the methods and devices described herein. For example,
selective or specific binding can be determined in vivo or in
vitro by administering a targeted contrast agent and detecting
an increase in non-linear ultrasound scattering from the con-
trast agent bound to a desired target. Thus a targeted contrast
agent can be compared to a control contrast agent having all
the components of the targeted contrast agent except the
targeting ligand. By detecting increased non-linear resonance
or scattering from the targeted contrast agent versus a control
contrast agent, the specificity or selectivity of binding can be
determined. If an antibody or similar targeting mechanism is
used, selective or specific binding to a target can be deter-
mined based on standard antigen/epitope/antibody comple-
mentary binding relationships. Further, other controls can be
used. For example, the specific or selective targeting of the
microbubbles can be determined by exposing targeted
microbubbles to a control tissue, which includes all the com-
ponents of the test tissue except for the desired target ligand or
epitope. To compare a control sample to a test sample, levels
of non-linear resonance can be detected by enhanced ultra-
sound imaging.

Specific or selective targeted contrast agents can be pro-
duced by methods known in the art, for example, using the
methods described. For example, targeted contrast agents can
be prepared as perfluorocarbon or other gas-filled
microbubbles with a monoclonal antibody on the shell as a
ligand for binding to target ligand in a subject as described in
Villanueva et al., “Microbubbles Targeted to Intracellular
Adhesion Molecule-1 Bind to Activated Coronary Artery
Endothelial Cells,” Circulation (1998) 98: 1-5. For example,
perfluorobutane can be dispersed by sonication in an aqueous
medium containing phosphatidylcholine, a surfactant, and a
phospholipid derivative containing a carboxyl group. The
perfluorobutane is encapsulated during sonication by a lipid
shell. The carboxylic groups are exposed to an aqueous envi-
ronment and used for covalent attachment of antibodies to the
microbubbles by the following steps. First, unbound lipid
dispersed in the aqueous phaseis separated from the gas-filled
microbubbles by floatation. Second, carboxylic groups on the
microbubble shell are activated with 1-ethyl-3-(3-dimethy-
laminopropyl) carbodimide, and antibody is then covalently
attached via its primary amino groups with the formation of
amide bonds.

Targeted microbubbles can also be prepared with a bioti-
nylated shell as described in Weller et al., “Modulating Tar-
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geted Adhesion of an Ultrasound Contrast Agent to Dysfunc-
tional Endothelium,” Ann. Biomed. Engineering, (2002) 30:
1012-1019. For example, lipid-based perfluorocarbon-filled
microbubbles can be prepared with monoclonal antibody on
the shell using avidin-biotin bridging chemistry using the
following protocol. Perfluorobutane is dispersed by sonica-
tion in aqueous saline containing phosphatidyl choline, poly-
ethylene glycol (PEG) stearate, and a biotinylated derivative
of phosphatidylethanolamine as described in the art. The
sonication results in the formation of perfluorobutane
microbubbles coated with a lipid monolayer shell and carry-
ing the biotin label. Antibody conjugation to the shell is
achieved via avidin-biotin bridging chemistry. Samples of
biotinylated microbubbles are washed in phosphate-buffered
saline (PBS) by centrifugation to remove the lipid not incor-
porated in the microbubble shell. Next, the microbubbles are
incubated in a solution (0.1-10 pg/ml) of streptavidin of in
PBS. Excess streptavidin is removed by washing with PBS.
The microbubbles are then incubated in a solution of biotiny-
lated monoclonal antibody in PBS and washed again. The
resultant microbubble have antibody conjugated to the lipid
shell via biotin-streptavidin-biotin linkage. In another
example, for targeted microbubbles, biotinylated
microbubbles can be prepared by sonication of an aqueous
dispersion of decafluorobutane gas, distearoylphodphatidyl-
choline, polyethyleneglycol-(PEG-) state, and distearoyl-
phosphatidylethanolamine-PEG-biotin. Microbubbles can
then be combined with streptavidin, washed, and combined
with biotinylated echistatin.

Targeted microbubbles can also be prepared with an avid-
inated shell, as is known in the art. In a preferred embodiment,
apolymer microbubble can be prepared with an avidinated or
streptavidinated shell. For example, a polymer contrast agent
comprising a functionalized polyalkyleyanoacrylate can be
used as described in patent application PCT/EP01/02802.
Streptavidin can be bonded to the contrast agent via the func-
tional groups of the functionalized polyalkylcyanoacrylate.
In a preferred embodiment, avidinated microbubbles can be
used in the methods disclosed herein. When using avidinated
microbubbles, a biotinylated antibody or fragment thereof or
another biotinylated targeting molecule or fragments thereof
can be administered to a subject. For example, a biotinylated
targeting ligand such as an antibody, protein or other biocon-
jugate can be used. Thus, a biotinylated antibody, targeting
ligand or molecule, or fragment thereof can bind to a desired
target within a subject. Once bound to the desired target, the
contrast agent with an avidinated shell can bind to the bioti-
nylated antibody, targeting molecule, or fragment thereof.
When bound in this way, high frequency ultrasound energy
can be transmitted to the bound contrast agent, which can
produce non-linear scattering of the transmitted ultrasound
energy. An avidinated contrast agent can also be bound to a
biotinylated antibody, targeting ligand or molecule, or frag-
ment thereof prior to administration to the subject.

When using a targeted contrast agent with a biotinylated
shell or an avidinated shell a targeting ligand or molecule can
be administered to the subject. For example, a biotinylated
targeting ligand such as an antibody, protein or other biocon-
Jjugate, can be administered to a subject and allowed to accu-
mulate at a target site. A fragment of the targeting ligand or
molecule can also be used.

When a targeted contrast agent with a biotinylated shell is
used, an avidin linker molecule, which attaches to the bioti-
nylated targeting ligand can be administered to the subject.
Then, a targeted contrast agent with a biotinylated shell is
administered to the subject. The targeted contrast agent binds
to the avidin linker molecule, which is bound to the biotiny-
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lated targeting ligand, which is itself bound to the desired
target. In this way a three step method can be used to target
contrast agents to a desired target. The intermediate targeting
ligand can bind to all of the desired targets detailed above as
would be clear to one skilled in the art.

Targeted contrast agents or non-targeted contrast agents
can also comprise a variety of markers, detectable moieties,
or labels. Thus, a microbubble contrast agent equipped with a
targeting ligand or antibody incorporated into the shell of the
microbubble can also include another detectable moiety or
label. As used herein, the term “detectable moiety” is
intended to mean any suitable label, including, but not limited
to, enzymes, fluorophores, biotin, chromophores, radioiso-
topes, colored particles, electrochemical, chemical-modify-
ing or chemiluminescent moieties. Common fluorescent moi-
eties include: fluorescein, cyanine dyes, coumarins,
phycoerythrin, phycobiliproteins, dansyl chloride, Texas
Red, and lanthanide complexes. Of course, the derivatives of
these compounds which are known to those skilled in the art
also are included as common fluorescent moieties.

The detection of the detectable moiety can be direct pro-
vided that the detectable moiety is itself detectable, such as,
for example, in the case of fluorophores. Alternatively, the
detection of the detectable moiety can be indirect. In the latter
case, a second moiety reactable with the detectable moiety,
itself being directly detectable can be employed. The detect-
able moiety may be inherent to the molecular probe. For
example, the constant region of an antibody can serve as an
indirect detectable moiety to which a second antibody having
a direct detectable moiety can specifically bind.

As with non-targeted contrast agents, targeted contrast
agents can be modified to achieve a desired volume percent-
age for high frequency imaging by a filtering process, such as
by micro or nano-filtration using porous membranes. Tar-
geted contrast agents can also be modified by allowing larger
bubbles to separate in solution relative to smaller bubbles. For
example, targeted contrast agents can be modified by allow-
ing larger bubbles to float higher in solution relative to smaller
bubbles. A population of microbubbles of an appropriate size
to achieve a desired volume percentage can subsequently be
selected. Other means are available in the art for separating
micron-sized and nano-sized particles and could be adapted
to select a microbubble population of the desired volume of
submicron bubbles such as by centrifugation. Sizing of the
microbubbles can occur before or after the microbubbles are
adapted to be targeted. For example, a desired size
microbubble population can be selected prior to implement-
ing the protocols detailed above for producing a targeted
microbubble contrast agent.

For example, provided herein are methods wherein at least
20% by volume of the microbubbles in the targeted contrast
agent have a size of less than 1 micron. In other embodiments
at least 30%, 40%, 50% or 75% by volume of the
microbubbles in the contrast agent have a size of less than 1
micron. Also provided herein is a method of using targeted
contrast agents wherein the ultrasound is generated and trans-
mitted at least at 30 MHz, 40 MHz, 50 MHz or 60 MHz.
Further, transducer operating frequencies significantly
greater than those mentioned above are also contemplated.
Thus, for both targeted and non-targeted ultrasound contrast
agents, a desired percentage by volume of microbubbles can
be selected to enhance ultrasound imaging by non-linear scat-
tering of the contrast agent and thus to enhance ultrasound
imaging. Such a population can be selected as described
above, by being compared to a control population have all of
the components of the test sample of microbubbles except for
a difference in microbubble size.
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The targeted contrast agents used in the methods described
can be targeted to a variety of cells, cell types, antigens,
cellular membrane proteins, organs, markers, tumor markers,
angiogenesis markers, blood vessels, thrombus, fibrin, and
infective agents. For example, targeted microbubbles can be
produced that localize to targets expressed in a subject.
Desired targets are generally based on, but not limited to, the
molecular signature of various pathologies, organs and/or
cells. For example, adhesion molecules such as integrin o, 35,
intercellular adhesion molecule-1 (I-CAM-1), fibrinogen
receptor GPIIb/Illa and VEGF receptors are expressed in
regions of angiogenesis, inflammation or thrombus. These
molecular signatures can be used to localize high frequency
ultrasound contrast agents through the use of targeting mol-
ecules, including but not limited to, complementary receptor
ligands, targeting ligands, proteins, and fragments thereof.
Target cell types include, but are not limited to, endothelial
cells, neoplastic cells and blood cells. The methods described
herein optionally use microbubbles targeted to VEGFR2,
[-CAM-1, o p, integrin, o, integrin, fibrinogen receptor
GPIIb/IIIa, P-selectin, mucosal vascular adressin cell adhe-
sion molecule-1. Moreover, using methods known in the art,
complementary receptor ligands, such as monoclonal anti-
bodies, can be readily produced to target other markers in a
subject. For example, antibodies can be produced to bind to
tumor marker proteins, organ or cell type specific markers, or
infective agent markers. Thus, the targeted contrast agents
can be targeted, using antibodies, proteins, fragments thereof,
or other ligands, as described herein, to sites of neoplasia,
angiogenesis, thrombus, inflammation, infection, as well as
to diseased or normal organs or tissues including but not
limited to blood, heart, brain, blood vessel, kidney, muscle,
lung and liver. Optionally, the targeted markers are proteins
and may be extracellular or transmembrane proteins. The
targeted markers, including tumor markers, can be the extra-
cellular domain of a protein. The antibodies or fragments
thereof designed to target these marker proteins can bind to
any portion of the protein. Optionally, the antibodies can bind
to the extracellular portion of a protein, for example, a cellular
transmembrane protein. Antibodies, proteins, or fragments
thereof can be made that specifically or selectively target a
desired target molecule using methods known in the art.

There are a number of methods for isolating proteins which
canbinda desired target. For example, phage display libraries
have been used to isolate numerous peptides that interact with
a specific target. (See for example, U.S. Pat. Nos. 6,031,071,
5,824,520, 5,596,079; and 5,565,332 which are herein incor-
porated by reference at least for their material related to phage
display and methods related to combinatorial chemistry).
Thus targeted contrast agents can comprise proteins or frag-
ments thereof that interact with a desired target. A targeted
contrast agent can also comprise a binding domain of an
antibody or phage. Disclosed are methods of producing an
ultrasound image using targeted contrast agent that is bioti-
nylated, wherein the biotin is bound by avidin and wherein the
avidin is linked to the binding domain of an antibody or
phage. Optionally, the binding domain of the antibody or
phage can bind to a target in a subject. Further disclosed are
methods of producing an ultrasound image using targeted
contrast agent that is biotinylated, wherein the biotin is bound
by avidin and wherein the biotin is linked to the binding
domain of an antibody or phage. Optionally, the binding
domain of the antibody or phage binds a target in a subject.
Further disclosed are methods of producing an ultrasound
image using a targeted contrast agent comprising a ligand.
Optionally, the ligand is a protein or fragment thereof.
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Monoclonal antibodies may be prepared using hybridoma
methods, such as those described by Kohler and Milstein,
Nature, 256:495 (1975) or Harlow and Lane. Antibodies, A
Laboratory Manual. Cold Spring Harbor Publications, New
York, (1988). In a hybridoma method, a mouse or other
appropriate host animal is typically immunized with an
immunizing agent to elicit lymphocytes that produce or are
capable of producing antibodies that will specifically bind to
the immunizing agent. Alternatively, the lymphocytes may be
immunized in vitro. Preferably, the immunizing agent com-
prises the desired target or fragment thereof to be targeted
using the disclosed ultrasound contrast agents. Traditionally,
the generation of monoclonal antibodies has depended on the
availability of purified protein or peptides for use as the
immunogen. More recently, DNA based immunizations have
shown promise as a way to elicit strong immune responses
and generate monoclonal antibodies.

Generally, either peripheral blood lymphocytes (“PBLs™)
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are used in methods of producing monoclonal antibodies if 20

cells of human origin are desired, or spleen cells or lymph
node cells are used if non-human mammalian sources are
desired. The lymphocytes are then fused with an immortal-
ized cell line using a suitable fusing agent, such as polyeth-
ylene glycol, to form a hybridoma cell (Goding, “Monoclonal
Antibodies: Principles and Practice” Academic Press, (1986)
pp- 59-103). Immortalized cell lines are usually transformed
mammalian cells, including myeloma cells of rodent, bovine,
equine, and human origin. Usually, rat or mouse myeloma
cell lines are employed. The hybridoma cells may be cultured
in a suitable culture medium that preferably contains one or
more substances that inhibit the growth or survival of the
unfused, immortalized cells. For example, if the parental cells
lack the enzyme hypoxanthine guanine phosphoribosyl trans-
ferase (HGPRT or HPRT), the culture medium for the hybri-
domas typically will include hypoxanthine, aminopterin, and
thymidine (“HAT medium™), which substances prevent the
growth of HGPRT-deficient cells. Preferred immortalized
cell lines are those that fuse efficiently, support stable high
level expression of antibody by the selected antibody-produc-
ing cells, and are sensitive to a medium such as HAT medium.
More preferred immortalized cell lines are murine myeloma
lines, which can be obtained, for instance, from the Salk
Institute Cell Distribution Center, San Diego, Calif. and the
American Type Culture Collection, Rockville, Md. Human
myeloma and mouse-human heteromyeloma cell lines also
have been described for the production of human monoclonal
antibodies (Kozbor, J. Immunol., 133:3001 (1984); Brodeur
et al., “Monoclonal Antibody Production Techniques and
Applications” Marcel Dekker, Inc., New York, (1987) pp.
51-63).

The culture medium in which the hybridoma cells are
cultured can then be assayed for the presence of monoclonal
antibodies directed against the desired target or fragment
thereof to be targeted using the disclosed ultrasound contrast
agents. Preferably, the binding specificity of monoclonal anti-
bodies produced by the hybridoma cells is determined by
immunoprecipitation or by an in vitro binding assay, such as
radioimmunoassay (RIA) or enzyme-linked immunoabsor-
bent assay (ELISA). Such techniques and assays are known in
the art, and are described further in the Examples below or in
Harlow and Lane “Antibodies, A Laboratory Manual” Cold
Spring Harbor Publications, New York, (1988).

After the desired hybridoma cells are identified, the clones
may be subcloned by limiting dilution or FACS sorting pro-
cedures and grown by standard methods. Suitable culture
media for this purpose include, for example, Dulbecco’s
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Modified Eagle’s Medium and RPMI-1640 medium. Alter-
natively, the hybridoma cells may be grown in vivo as ascites
in a mammal.

The monoclonal antibodies secreted by the subclones may
be isolated or purified from the culture medium or ascites
fluid by conventional immunoglobulin purification proce-
dures such as, for example, protein A-Sepharose, protein G,
hydroxylapatite chromatography, gel electrophoresis, dialy-
sis, or affinity chromatography.

The monoclonal antibodies may also be made by recom-
binant DNA methods, such as those described in U.S. Pat.
No.4,816,567. DNA encoding the monoclonal antibodies can
be readily isolated and sequenced using conventional proce-
dures (e.g., by using oligonucleotide probes that are capable
of binding specifically to genes encoding the heavy and light
chains of murine antibodies). The hybridoma cells serve as a
preferred source of such DNA. Once isolated, the DNA may
be placed into expression vectors, which are then transfected
into host cells such as simian COS cells, Chinese hamster
ovary (CHO) cells, plasmacytoma cells, or myeloma cells
that do not otherwise produce immunoglobulin protein, to
obtain the synthesis of monoclonal antibodies in the recom-
binant host cells. The DNA also may be modified, for
example, by substituting the coding sequence for human
heavy and light chain constant domains in place of the
homologous murine sequences (U.S. Pat. No.4,816,567) or
by covalently joining to the immunoglobulin coding
sequence all or part of the coding sequence for a non-immu-
noglobulin polypeptide. Optionally, such a non-immunoglo-
bulin polypeptide is substituted for the constant domains of an
antibody or substituted for the variable domains of one anti-
gen-combining site of an antibody to create a chimeric biva-
lent antibody comprising one antigen-combining site having
specificity for the desired target or fragment thereof to be
targeted using the disclosed ultrasound contrast agents and
another antigen-combining site having specificity for a dif-
ferent antigen.

As described herein for non-targeted contrast agents, the
method using targeted contrast agents can be performed on a
subject that is a laboratory animal. Optionally, the laboratory
animal is selected from the group consisting of a mouse, rat
and rabbit. When using the targeted contrast agent in the
methods described herein, the targeted contrast agent can be
administered as described above for non-targeted contrast
agents, with similar carriers and imaging protocols.

As described herein, the contrast agents can be targeted to
a particular cell type, antigen, tissue type or organ. To target
contrast agents the agent can be conjugated to tissue, cell or
organ-specific ligands such as antibodies, antibody frag-
ments, peptides, lectins etc. Microbubble targeting can also
be achieved by the intrinsic binding properties of the
microbubble surface. Targeted microbubbles can contain
drugs, genes or other desired compounds either inside the
microbubble, integrated into the microbubble shell, attached
to any portion of the microbubble shell or attached to any
linker or ligand attached to the microbubble shell. A second
level of targeting specificity can be achieved by carefully
controlling the ultrasound field and limiting microbubble
destruction to the region of interest. When microbubbles are
disrupted or destroyed, drugs or genes that are housed within
them or bound to their shells can be released to the blood
stream are then delivered to tissue by convective forces
through the permeabilized microvessels.

The above methods include embodiments wherein the con-
trast agent is disrupted or destroyed by a pulse of ultrasound.
The pulse of ultrasound can be produced by the same or a
different transducer as the transducer producing the imaging
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frequency ultrasound. Therefore, the above methods contem-
plate using a plurality of ultrasound probes and frequencies.

The desired ultrasound for use with the disclosed compo-
sitions and methods can be applied, transmitted and received
using an ultrasonic scanning device that can supply an ultra-
sonic signal of at least 20 MHz to the highest practical fre-
quency. One such device is the VisualSonics™ UBM system
model VS40 VEVO 660 as described in Example 1. Another
such system may have the following components as described
in U.S. patent application Ser. No.: 10/683,890, U.S. patent
application publication 20040122319, which is set forth in
part below, and incorporated herein by reference. Other
devices capable of transmitting and receiving ultrasound at
the desired frequencies can also be used.

FIG. 4 is a diagram illustrating an ultrasound scanning
system 1. The ultrasound scanning system 1 has an electron-
ics circuit 2 for transmitting and receiving a series of ultra-
sound pulses 4 to and from a probe or scanhead 6. The
scanhead 6 can be situated on a laboratory animal 8 to record
image data 10 of a scan plane 12, representing a cross section
ofatarget 14 fordisplay on adisplay 16. The target 14 may be,
for example, the organ of a small animal, such as a mouse, a
rat or another research laboratory animal. Examples of organs
that can be imaged include, but are not limited to, a lung, a
heart, a brain, a kidney, a liver and blood flowing within the
laboratory animal. Further, the ultrasound imaging system
can be used to image a neo-plastic condition. The circuit 2 has
a transniit subsystem 18 for generating the pulses 4 and a
receive subsystem 20 for receiving the corresponding echo
pulses 4, which are directed to a computer 22 for processing
and eventual display as the image scan data 10. The scanhead
6 is coupled at 26 to the circuit 2. The scanhead 6 has a
transducer assembly 24, with a membrane 25, which is
coupled to a position encoder 28 in conjunction with a torque
motor 30. The encoder 28 and motor 30 monitor the position
of the transducer assembly 24 within the scanhead 6. The
corresponding position data 32 is transmitted with the pulses
4, representing the image data 10, to the computer 22. The
scanhead 6 can be used as an encapsulated real-time probe for
recording and displaying image data 10 obtained in real-time
at high frequencies, such as but not limited to greater than 20
MHz and including 25 MHz, 30 MHz, 35 MHz, 40 MHz, 45
MHz, 50 MHz, 55 MHz, 60 MHz and higher. Further, trans-
ducer operating frequencies significantly greater than those
mentioned above are also contemplated.

The system 1 also includes a system processor 34. The
processor 34 is coupled to the display or monitor 16 and to a
human-machine interface 36, such as a keyboard, mouse, or
other suitable device. If the monitor 16 is touch sensitive, then
the monitor 16 can be employed as the input element for the
human-machine interface 36. A computer readable storage
medium 38 is coupled to the processor 34 for providing
instructions to the processor 34 to instruct and/or configure
the operation of the monitor 16 for recording and displaying
the data 10, 32 on the monitor 16. The computer readable
medium 38 can include hardware and/or software such as, by
way of example only, magnetic disks, magnetic tape, opti-
cally readable medium such as a CD ROM, and semiconduc-
tor memory such as a PCMCIA card. In each case, the
medium 38 may take the form of a portable item such as a
small disk, floppy diskette, cassette, or it may take the form of
a relatively large or immobile item such as hard disk drive,
solid state memory card, or RAM coupled to the processor 34.
It should be noted that the above listed example mediums 38
can be used either alone or in combination.

FIG. 5is ablock diagram illustrating an embodiment of the
imaging system 1 of FIG. 4. The imaging system 50 operates
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on a laboratory animal 64. The ultrasound probe 56 can be
placed in proximity to the laboratory animal 64 to obtain
image information.

The ultrasound system 81 includes a control subsystem 77,
a scan converter 79, the transmit subsystem 68, the receive
subsystem 70 and a user interface device 86. The processor 84
is coupled to the control subsystem 77 and a display 66. A
memory 71 is coupled to the processor 84. The memory 71
can be any type of computer memory, and is typically referred
to as random access memory “RAM,” in which the software
73 of the ultrasound imaging system executes.

The ultrasound imaging system can be implemented using
a combination of hardware and software. The hardware
implementation of the ultrasound imaging system can include
any or a combination of the following technologies, which are
all well known in the art: discrete electronic components, a
discrete logic circuit(s) having logic gates for implementing
logic functions upon data signals, an application specific
integrated circuit having appropriate logic gates, a program-
mable gate array(s) (PGA), a field programmable gate array
(FPGA), etc.

The software for the ultrasound imaging system comprises
an ordered listing of executable instructions for implement-
ing logical functions, and can be embodied in any computer-
readable medium for use by or in connection with an instruc-
tion execution system, apparatus, or device, such as a
computer-based system, processor-containing system, or
other system that can fetch the instructions from the instruc-
tion execution system, apparatus, or device and execute the
instructions.

In the context of this document, a “computer-readable
medium” can be any means that can contain, store, commu-
nicate, propagate, or transport the program for use by or in
connection with the instruction execution system, apparatus,
or device. The computer readable medium can be, for
example but not limited to, an electronic, magnetic, optical,
electromagnetic, infrared, or semiconductor system, appara-
tus, device, or propagation medium. More specific examples
(a non-exhaustive list) of the computer-readable medium
would include the following: an electrical connection (elec-
tronic) having one or more wires, a portable computer dis-
kette (magnetic), a random access memory (RAM), a read-
only memory (ROM), an erasable programmable read-only
memory (EPROM or Flash memory) (magnetic), an optical
fiber (optical), and a portable compact disc read-only memory
(CDROM) (optical). Note that the computer-readable
medium could even be paper or another suitable medium
upon which the program is printed, as the program can be
electronically captured, via for instance optical scanning of
the paper or other medium, then compiled, interpreted or
otherwise processed in a suitable manner if necessary, and
then stored in a computer memory.

The memory 71 also includes the image data 60 obtained
by the ultrasound system 81. A computer readable storage
medium 88 is coupled to the processor for providing instruc-
tions to the processor to instruct and/or configure processor to
perform steps or algorithms related to the operation of the
ultrasound system 81, as further explained below. The com-
puter readable medium can include hardware and/or software
such as, by way of example only, magnetic disks, magnetic
tape, optically readable medium such as a CD ROM, and
semiconductor memory such as a PCMCIA card. In each
case, the medium may take the form of a portable item such as
asmall disk, floppy diskette, cassette, or it may take the form
of a relatively large or immobile item such as hard disk drive,
solid state memory card, or RAM provided in the support
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system. It should be noted that the above listed example
mediums can be used either alone or in combination.

The ultrasound system 81 includes a control subsystem 77
to direct operation of various components of the ultrasound
system 81. The control subsystem 77 and related components
may be provided as software for instructing a general purpose
processor or as specialized electronics in a hardware imple-
mentation. The ultrasound system 81 includes a scan con-
verter 79 for converting the electrical signals generated by the
received ultrasound echoes to data that can be manipulated by
the processor 84 and that can be rendered into an image on the
display 66. The control subsystem 77 is connected to a trans-
mit subsystem 68 to provide an ultrasound transmit signal to
the ultrasound probe 56. The ultrasound probe 56 in turn
provides an ultrasound receive signal to a receive subsystem
70. The receive subsystem 70 also provides signals represen-
tative of the received signals to the scan converter 79. The
receive subsystem 70 is also connected to the control sub-
system 77. The scan converter 79 is directed by the control
subsystem 77 to operate on the received data to render an
image for display using the image data 60.

The ultrasound system 81 transmits and receives ultra-
sound data through the ultrasound probe 56, provides an
interface to a user to control the operational parameters of the
imaging system 50, and processes data appropriate to formu-
late still and moving images that represent anatomy and/or
physiology. Images are presented to the user through the
interface display 66.

The human-machine interface 86 of the ultrasound system
81 takes input from the user, and translates such input to
control the operation of the ultrasound probe 56. The human-
machine interface 86 also presents processed images and data
to the user through the display 66.

Once transmitted the ultrasound interacts with the labora-
tory animal’s tissues and the contrast agent. The ultrasound is
reflected by structures within the animal and scattered non-
linearly by the contrast agent. Echos resulting from interac-
tions with the animal and contrast agent return to an ultra-
sound imaging system. After ultrasound is received it is
processed to form an image. One embodiment of a system for
receiving and processing reflected or scattered ultrasound is
described in Example 1 below. Another embodiment is
described in Example 2 below.

Ultrasound imaging systems may transmit pulsed energy
along a number of different directions, or ultrasonic beams,
and thereby receive diagnostic information as a function of
both lateral directions across the body and axial distance into
the body. This information may be displayed as two dimen-
sional, “b-scan” images. Such a two-dimensional presenta-
tion gives a planar view, or “slice” through the body and
shows the location and relative orientation of many features
and characteristics within the body. Furthermore, by tilting or
moving the ultrasonic sensor across the body, a third dimen-
sion may be scanned and displayed over time, thereby pro-
viding three-dimensional information.

Alternatively, ultrasound returns may be presented in the
form of “m-scan” images, where the ultrasound echoes along
a particular beam direction are presented sequentially over
time, with the two axes being axial distance versus time.
Thus, m-scan displays enable diagnosis of rapidly moving
structures, such as heart valves.

Some ultrasound systems may combine both b-scan and
m-scan images within the same display.

In one embodiment, high frequency pulsed-wave Doppler
or color flow imaging may be used. A pulsed wave Doppler
(PWD) high frequency flow imaging system can also be used.
Such a system can be modified for use with nonlinear signals.
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Systems can further be modified to enable nonlinear color
flow imaging. Any of these systems can be used in combina-
tion with one for B-scan imaging. Any system can also be
used in conjunction with filters, attenuators, pre-amplifiers
and second filters as described in Example 2. Therefore the
system can integrate PWD and color flow and also can enable
nonlinear PWD in addition to color flow imaging.

Other ultrasound imaging systems may simultaneously
present multiple ultrasound information, including b-scan,
m-scan and doppler image displays, along with other infor-
mation, such as EKG signals and/or phonograms.

Also provided is the use of a system for producing an
ultrasound image using line-based image reconstruction with
the contrast agents and the methods provided herein. One
example of such a system may have the following compo-
nents as described in U.S. patent application Ser. No. 10/736,
232, U.S. patent application publication 20040236219,
which is set forth in part below and is incorporated herein by
reference. The system for producing an ultrasound image
using line based image reconstruction can provide an ultra-
sound image having an effective frame rate in excess of 200
frames per second. The system incorporates an ECG based
technique that enables significantly higher time resolution
than what was previously available, thus allowing the accu-
rate depiction of a rapidly moving structure, such as a heart, in
a small animal, such as a mouse, rat, rabbit, or other small
animal, using ultrasound (and ultrasound biomicroscopy).
Biomicrosopy is an increasingly important application due to
recent advances in biological, genetic, and biochemical tech-
niques, which have advanced the mouse as a desirable test
subject for the study of diseases, including the cardiovascular
diseases.

In one aspect, the system for producing an ultrasound
image using line based image resonstruction addresses spe-
cifically the need to image and analyze the motions of the
heart of a small animal with proportionally relevant time and
detail resolution. Such imaging is also applicable to imaging
small structures within a human body. It also applies to other
ultrasound imaging applications where effective frame rates
greater than, for example, 200 frames per second are desired.

The human heart during rest beats regularly at a typical rate
of 60-90 bpm (beats per minute). With clinical ultrasound,
physicians generally desire 100 frames per heart beat to accu-
rately depict motion, resulting in imaging frame rates of
approximately 100 fps (frames per second). An adult mouse
heart under similar conditions typically beats at a rate of
300-600 bpm. Therefore, to achieve 100 frames per heart
beat, the desired imaging frame rate is approximately at or
above 200-1000 fps, or higher.

Ultrasound images are formed by the analysis and amal-
gamation of multiple pulse echo events. An image is formed,
effectively, by scanning regions within a desired imaging area
using individual pulse echo events, referred to as “A-Scans”,
or ultrasound “lines.” Each pulse echo event requires a mini-
mum time for the acoustic energy to propagate into the sub-
jectand to return to the transducer. The image is completed by
“covering” the desired image area with a sufficient number of
scan lines, referred to as “painting in” the desired imaging
area so that sufficient detail of the subject anatomy can be
displayed. The number of and order in which the lines are
acquired can be controlled by the ultrasound system, which
also converts the raw data acquired into an image. Using a
combination of hardware electronics and software instruc-
tions in a process called “scan conversion,” or image con-
struction, the ultrasound image obtained is rendered so that a
user viewing the display can view the subject being imaged.
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To decrease the amount of time required to obtain an
image, the image is subdivided into regions, where each
region corresponds to a single scan line. ECG signals
acquired during the ultrasound scanning operation are used to
time register individually the subdivided data (i.e., the indi-
vidual pulse-echo events,” or “raw data” associated with each
scan line). A scan conversion mechanism utilizes the ultra-
sound lines, which are time registered with the ECG signal, to
develop an image having an effective frame rate significantly
greater that the frame rate than may be obtained in real-time.
A sequential series of image frames is reconstructed from the
pool of time and position registered raw data to reconstruct a
very high precision (i.e., high frame rate) representation of
the rapidly moving structure.

FIG. 6 is a block diagram illustrating an imaging system
100. The system 100 operates on a subject 102. An ultrasound
probe 112 is placed in proximity to the subject 102 to obtain
image information. The ultrasound probe generates ultra-
sound energy at high frequencies, such as but not limited to
greater than 20 MHz and including 25 MHz, 30 MHz, 35
MHz, 40 MHz, 45 MHz, 50 MHz, 55 MHz, 60 MHz and
higher. Further, ultrasound operating frequencies signifi-
cantly greater than those mentioned above are also contem-
plated. The subject 102 is connected to electrocardiogram
(ECG) electrodes 104 to obtain a cardiac rhythm from the
subject 102. The cardiac signal from the electrodes 104 is
transmitted to an ECG amplifier 106 to condition the signal
for provision to an ultrasound system 131. It is recognized
that a signal processor or other such device may be used
instead of an ECG amplifier to condition the signal. If the
cardiac signal from the electrodes 104 is suitable, then use of
an amplifier 106 or signal processor could be avoided entirely.

The ultrasound system 131 includes a control subsystem
127, an image construction subsystem 129, sometimes
referred to as a “scan converter,” the transmit subsystem 118,
the receive subsystem 120 and the user input device 136. The
processor 134 is coupled to the control subsystem 127 and the
display 116 is coupled to the processor 134. A memory 121 is
coupled to the processor 134. The memory 121 can be any
type of computer memory, and is typically referred to as
random access memory “RAM,” in which the software 123 of
the invention executes. The software 123 controls the acqui-
sition, processing and display of the ultrasound data allowing
the ultrasound system 131 to display a high frame rate image
so that movement of a rapidly moving structure may be
imaged. The software 123 comprises one or more modules to
acquire, process, and display data from the ultrasound system
131. The software comprises various modules of machine
code which coordinate the ultrasound subsystems, as will be
described below. Data is acquired from the ultrasound sys-
tem, processed to form complete images, and then displayed
to the user on a display 116. The software 123 allows the
management of multiple acquisition sessions and the saving
and loading of these sessions. Post processing of the ultra-
sound data is also enabled through the software 123.

The system for producing an ultrasound image using line-
based image reconstruction can be implemented using a com-
bination of hardware and software. The hardware implemen-
tation of the system for producing an ultrasound image using
line based image reconstruction can include any or a combi-
nation of the following technologies, which are all well
known in the art: discrete electronic components, a discrete
logic circuit(s) having logic gates for implementing logic
functions upon data signals, an application specific integrated
circuit having appropriate logic gates, a programmable gate
array(s) (PGA), a field programmable gate array (FPGA), etc.
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The software for the system for producing an ultrasound
image using line based image reconstruction comprises an
ordered listing of executable instructions for implementing
logical functions, and can be embodied in any computer-
readable medium for use by or in connection with an instruc-
tion execution system, apparatus, or device, such as a com-
puter-based system, processor-containing system, or other
system that can fetch the instructions from the instruction
execution system, apparatus, or device and execute the
instructions.

In the context of this document, a “computer-readable
medium” can be any means that can contain, store, commu-
nicate, propagate, or transport the program for use by or in
connection with the instruction execution system, apparatus,
or device. The computer readable medium can be, for
example but not limited to, an electronic, magnetic, optical,
electromagnetic, infrared, or semiconductor system, appara-
tus, device, or propagation medium. More specific examples
(a non-exhaustive list) of the computer-readable medium
would include the following: an electrical connection (elec-
tronic) having one or more wires, a portable computer dis-
kette (magnetic), a random access memory (RAM), a read-
only memory (ROM), an erasable programmable read-only
memory (EPROM or Flash memory) (magnetic), an optical
fiber (optical), and a portable compact disc read-only memory
(CDROM) (optical). Note that the computer-readable
medium could even be paper or another suitable medium
upon which the program is printed, as the program can be
electronically captured, via for instance optical scanning of
the paper or other medium, then compiled, interpreted or
otherwise processed in a suitable manner if necessary, and
then stored in a computer memory.

The memory 121 can include the image data 110 obtained
by the ultrasound system 100. A computer readable storage
medium 138 is coupled to the processor for providing instruc-
tions to the processor to instruct and/or configure processor to
perform steps or algorithms related to the operation of the
ultrasound system 131, as further explained below. The com-
puter readable medium can include hardware and/or software
such as, by way of example only, magnetic disks, magnetic
tape, optically readable medium such as a CD ROM, and
semiconductor memory such as a PCMCIA card. In each
case, the medium may take the form of a portable item such as
asmall disk, floppy diskette, cassette, or it may take the form
of a relatively large or immobile item such as hard disk drive,
solid state memory card, or RAM provided in the support
system. It should be noted that the above listed example
mediums can be used either alone or in combination.

The ultrasound system 131 can include a control sub-
system 127 to direct operation of various components of the
ultrasound system 131. The control subsystem 127 and
related components may be provided as software for instruct-
ing a general purpose processor or as specialized electronics
in a hardware implementation. The ultrasound system 131
includes an image construction subsystem 129 for converting
the electrical signals generated by the received ultrasound
echoes to data that can be manipulated by the processor 134
and that can be rendered into an image on the display 116. The
control subsystem 127 is connected to a transmit subsystem
118 to provide an ultrasound transmit signal to the ultrasound
probe 112. The ultrasound probe 112 in turn provides an
ultrasound receive signal to a receive subsystem 120. The
receive subsystem 120 also provides signals representative of
the received signals to the image construction subsystem 129.
The receive subsystem 120 is also connected to the control
subsystem 127. The scan converter 129 is directed by the
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control subsystem 127 to operate on the received data to
render an image for display using the image data 110.

The ultrasound system 131 can include an ECG signal
processor 108 configured to receive signals from the ECG
amplifier 106. The ECG signal processor 108 provides vari-
ous signals to the control subsystem 127. The receive sub-
system 120 also receives an ECG time stamp from the ECG
signal processor 108. The receive subsystem 120 is connected
to the control subsystem 127 and an image construction sub-
system 129. The image construction subsystem 129 is
directed by the control subsystem 127.

The ultrasound system 131 transmits and receives ultra-
sound data through the ultrasound probe 112, provides an
interface to a user to control the operational parameters of the
imaging system 100, and processes data appropriate to for-
mulate still and moving images that represent anatomy and/or
physiology. Images are presented to the user through the
interface display 116.

The human-machine interface 136 of the ultrasound sys-
tem 131 takes input from the user, and translates such input to
control the operation of the ultrasound probe 106. The
human-machine interface 136 also presents processed images
and data to the user through the display 116.

The software 123 in cooperation with the image construc-
tion subsystem 129 operate on the electrical signals devel-
oped by the receive subsystem 120 to develop a high frame-
rate ultrasound image that can be used to image rapidly
moving anatomy of the subject 102.

FIGS. 7A and 7B are schematic representations depicting
methods of ultrasound imaging. In FIG. 7A, the operation of
the ultrasound probe 112 in a sector format scan is illustrated
generally. In FIG. 7A, use of the ultrasound probe 112 to
obtain a sector format image is shown by the numeral 200. An
ultrasound signal propagates in direction 202 projecting a
“line” 206 of ultrasound energy. The ultrasound probe 112
moves along an arc 204. The ultrasound signal thus images, or
“paints in,” a portion 208 of a sector format image 210.

An alternative format of image is shown in FIG. 7B by the
numeral 220. The ultrasound probe 112 propagates a signal in
direction 222 projecting a “line” 226 of ultrasound energy.
The position of the ultrasound probe 112 moves along a line
224. The ultrasound signal thus images, or “paints in,” a
portion 228 of rectangular format image 230.

It will be recognized that many other formats of images
may be used with the ultrasound probe 112. Any technique
that acquires spatially limited data may be used, including
painting in a region, two-dimensional, and three-dimensional
imaging.

The control subsystem 127 coordinates the operation of the
ultrasound probe 112, based on user selected parameters, and
other system inputs.

The control subsystem 127 ensures that data is acquired at
each spatial location, and for each time window relative to the
ECG signal. Therefore, a full data set includes raw data for
each time window along the ECG signal, and for each spatial
portion of the image frame. It is recognized that an incom-
plete data set may be used with appropriate interpolation
between the values in the incomplete data set being used to
approximate the complete data set.

The transmit subsystem 118 generates ultrasound pulses
based on user selected parameters. The ultrasound pulses are
sequenced appropriately by the control subsystem 127 and
are applied to the probe 112 for transmission toward the
subject 102.

The receive subsystem 120 records the echo data returning
from the subject 102, and processes the ultrasound echo data
based on user selected parameters. The receive subsystem
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120 also receives a spatial registration signal from the probe
112 and provides position and timing information related to
the received data to the image construction subsystem 129.

FIGS. 8A through 8E are schematic diagrams illustrating
the operation of the system for producing an ultrasound
image using line-based image reconstruction. The operation
described below may be implemented using the software 123
to control the operation ultrasound system 131. FIG. 8A
shows an ultrasound frame 300. The ultrasound probe 112
(FIG. 6) produces an ultrasound signal along line 302. FIG.
8A shows an exemplary representative signal which shows
the general form of ultrasound signals. Each position of the
ultrasound probe 112 along the line 308 provides a scan line
304 in the rectangular format image frame 306. The scan lines
are labelled 304, through 304, depending on the number of
lines per frame.

FIG. 8B is a schematic diagram 320 showing a plurality of
image frames 306 along a cardiac rhythm trace 322. By
monitoring the ECG signal using the ECG signal processor
108 (FIG. 6), a specific point 324 in the cardiac rhythm trace
322 may be identified, and a time stamp obtained for each line
304 relative to and offset from the point 324. The point 324 is
referred to as the peak of the R wave. Thus, by collecting the
same line 304 in frames 306, with each line 304 in each frame
having the same offset from the point 324, an acquisition
sequence 340, as shown in FIG. 8C, is obtained. The acqui-
sition sequence 340 comprises frames 306 in which the same
scan line 304 is collected, thus yielding a full cycle of the
heart between points 324. As shown in FIG. 8D, the frames
306 may be reconstructed by reassembling multiple scan
lines 304, and 304, for example. Each position Xn, Xn+1 of
the ultrasound probe 112 yields lines at times T1, T2,. .., T7
shown in FIG. 8E.

During image acquisition, the image construction sub-
system 129 records as input all of the raw data associated with
the scan lines 304, including position and ECG-time registra-
tion information for each line. When an amount of data suf-
ficient to provide an acceptable image has been collected, the
control subsystem 127 sends a signal to the image construc-
tion subsystem 129 initiating a reconstruction sequence in
which the raw data for each scan line 304 is assembled into a
complete image, by collecting sub-regions (i.e., individual
scan lines 304) of the image. The sub-regions are temporally
relative to a specific point 324 in the ECG cycle and generally
correspond to the cardiac cycle from R wave to R wave. The
assembly of the individual scan lines over a series of image
frames results in a sequential time-series of complete image
frames. When viewed, the time-series of constructed image
frames appears to have an effective frame rate in excess 0200
ps and appears as a smooth and accurate depiction of rapidly
moving structures.

The minimum time of frame acquisition represented is thus
the maximum time required to obtain each raw data scan line
304, rather than the time required to obtain an entire image
frame 306, thus providing an effective frame rate much
greater that what would be obtained using real-time or frame-
based image reconstruction.

An exemplary ECG signal is shown in FIG. 9 by the
numeral 400. The ECG signal is represented by the trace 322.
The ECG signal processing module 108 (FIG. 6) of the ultra-
sound system 131 automatically detects, using peak detection
of the R-wave pulse, a fixed and repeatable point (324 in FIG.
8B) on the ECG signal trace 322 from which the scan lines
304 are referenced in time. This automatically detects a point
in time which is used as the origin for relative ECG time
stamps for each element of raw data associated with each can
line.
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FIGS. 10, 11 and 12 are flowcharts collectively illustrating
the operation of the system for producing an ultrasound
image using line based image reconstruction. The blocks in
the flowcharts may be executed in the order shown, out ofthe
order shown, or concurrently.

FIG. 10 is flowchart 500 illustrating the overall operation
of the system for producing an ultrasound image using line
based image reconstruction. In block 502, the transducer in
the probe 112 is registered at its home position at one end of
its travel. The movement of the transducer 112 is described in
U.S. patent application Ser. No. 10/683,890, U.S. patent
application publication 20040122319, entitled “High Fre-
quency, High Frame-Rate Ultrasound Imaging System,
which is incorporated herein by reference. In block 504,
ultrasound data is acquired for the probe location described in
block 502 and stored in memory 121 (FIG. 6). The operation
of block 504 will be described in greater detail in FIG. 11.

In block 506, the data acquired in block 504 is processed.
The operation of block 506 will be described in greater detail
in FIG. 12.

In block 508, the data acquired in block 504 and processed
in block 506 is displayed. In block 512 it is determined
whether the probe 112 has reached the end of its travel, or
sweep. If the probe 112 has not reached the end of its travel,
its position is incremented in block 514 and the process
returns to block 504 and data acquisition continues. If, in
block 512 it is determined that the probe 112 has reached the
end ofits travel, then, in block 516, a line based reconstructed
image is displayed on display 116 as what is referred to as a
“B mode” loop.

FIG. 11 is a flowchart 600 illustrating the operation of the
acquisition block 504 of FIG. 10. In block 602 ECG data is
acquired and stored in memory 121 in block 606. In block
604, ultrasound data is acquired and stored in memory 121 in
block 608. Eachline 304 (FIG. 8A and FIG. 8B) ofultrasound
data is stored in block 608. The ultrasound signal includes the
data associated with a scan line and also includes a spatial
registration signal associated with the scan line. The ultra-
sound signal containing the raw data and the spatial registra-
tion information is identified with the time stamp by the
receive subsystem 120.

In block 612 ECG and ultrasound data acquisition is con-
tinued for a period of time specified by a user of the system.
The time period specified in block 612 determines the number
of ultrasound data lines 304 (FIGS. 8A and 8B) are acquired
at a particular probe position. A sufficient amount of data is
obtained when at least one heart cycle of data has been col-
lected. Collecting data over more than one heart cycle
improves the accuracy of the image.

FIG. 12 is a flowchart 700 illustrating the operation of the
process data block 506 of FIG. 10. In block 702, the ECG data
stored in block 606 (FIG. 11) is scanned to locate the first
specific point 324 in the R wave (326a and 3264) as shown in
FIG. 8B as described above. This automatically detects a
point in time which is used as the origin for relative ECG time
stamps for each element of raw data associated with each can
line. Once the peak 324 is located, a corresponding point in
the ultrasound data stored in block 608 is located in block
704. In block 706, each line 304 of ultrasound data following
this point is placed, in block 710, into a reconstructed frame
306 (FIGS. 8C and 8D) based on its time displacement from
the peak 324. For example, a line 304 acquired Tn millisec-
onds after the peak 324 will be placed into frame Tn.

In block 712 it is determined whether the peak 324 of the
next R wave has been reached. If the peak 324 of the next R
wave has not been reached, the process returns to block 706.
If, in block 712 it is determined that the next peak 324 has
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been reached, then, in block 714, it is determined whether
there is any additional data to process. If there is additional
data to process, the image reconstruction subsystem 129
resets its time counter in block 716. If, in block 714 it is
determined that there is no additional data to process, then the
process ends.

Referring to FIG. 13, an embodiment of the imaging sys-
tem 100 or 50 is shown by way of example only. In this
example, the imaging system 100 or 50 is a free-standing unit
on casters for mobility. The human machine interface 136 or
86 includes a display 116 or 66, a keyboard 146, and a foot
control 148. The control subsystem 127 or 77 and related
components are located inside a case.

Referring to FIG. 14, an embodiment of the ultrasound
probe 112 or 56 is shown by way of example only. The
purpose of the ultrasound probe 112 or 56 is to generate and
receive ultrasound signals, and feed these signals back to the
ultrasound system 131 or 81, with position registration of
each of the scan lines containing the raw data.

The ultrasound probe 112 or 56, also referred to as a scan
head comprises a piezoelectric element(s) to convert ultra-
sound pressure waves to electrical signals, and received ultra-
sound pressure waves to electrical signals, and a mechanism
to reposition (and record spatial location of) the ultrasound
beam. In one embodiment, the positioning mechanism com-
prises an optical position encoder connected to a high reso-
lution stepping motor as described in U.S. patent application
Ser. No. 10/683,890, U.S. patent publication 20040122319,
entitled “High Frequency, High Frame-Rate Ultrasound
Imaging System, which is incorporated herein by reference.
In another embodiment, the positioning mechanism com-
prises an array of piezoelectric elements which can be elec-
tronically steered using variable pulsing and delay mecha-
nisms. Regardless of the positioning mechanism used, the
position of each scan line is determined and associated with
each scan line as described in FIG. 6.

Referring to FIGS. 15 and 16, an embodiment of an ECG
apparatus 800 is shown in more detail. The ECG apparatus
comprises ECG electrodes 104, and an ECG amplifier 106
(FIG. 6). The ECG amplifier 106 is typically located close to
the ECG electrodes 104 (FIG. 6) in a control module (not
shown) which also controls a small animal heating element
(not shown).

The embodiment of FIGS. 15 and 16 illustrates an example
of a set of ECG electrodes designed to collect ECG signals
from an adult mouse. Furthermore, knobs (not shown) are
provided to adjust the position of the platform as required in
various procedures. A control provides a quick height adjust-
ment for the platform. A knob operates a magnet for holding
the platform in position and allowing a quick release for
coarse positioning of the platform.

Since the strength ofthe ECG signal obtained from a small
animal is weak, the signal is amplified prior to being trans-
mitted to the ultrasound system.

By accurately registering the position of the probe 112 for
each scan line, the time of acquisition of each scan line
relative to a reference point in the ECG trace 322 (FIG. 8B),
each scan line having a raw data element, an effective frame
rate at or in excess of 200 frames per second can be achieved
during playback of a fully reconstructed data set. An ultra-
sound system constructed in accordance with the invention
records both position registration with respect to the probe
112 and time registration with respect to the scan line relative
to the ECG cycle, thus identifying each raw data element. The
raw data elements are then used to construct a high precision
high frame rate image.
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First implementations have demonstrated the capability to
acquire image sequences with complete data independence at
for example 1000 frames per second. It is anticipated that
operations may be performed at much higher frame rates. The
frame rate may be as high as the pulse repetition frequency
(PRF) limit for any given ultrasound line. The PRF limits the
maximum image depth. The maximum image depth is equal
to the speed of sound divided by twice the PRF (i.e. speed of
sound/(2*PRF)). It is anticipated that this could be as high as
approximately 100,000 frames per second.

It will therefore be recognized that a control subsystem has
been provided which coordinates the acquisition of raw data
(ultrasound lines or “A-Scans”) ensuring that data is acquired
at each spatial location, for each time window relative to the
ECG signal.

Furthermore, an image construction subsystem (or scan
converter) has been provided which is capable of reconstruct-
ing a sequence of spatially complete image frames at each
time window relative to the ECG signal.

The above methods and compounds can also be used with
human subjects for ophthalmology and dermatology imaging
applications with typical human administration.

EXAMPLES

The following examples are put forth so as to provide those
of ordinary skill in the art with a complete disclosure and
description of how the compounds, compositions, articles,
devices and/or methods claimed herein are made and evalu-
ated, and are intended to be purely exemplary of the invention
and are not intended to limit the scope of what the inventors
regard as their invention. Efforts have been made to ensure
accuracy with respect to numbers (e.g., amounts, tempera-
ture, etc.), but some errors and deviations should be
accounted for.

Example 1

High Frequency Nonlinear B-Scan Imaging of
Microbubble Contrast Agents

High Frequency Nonlinear Imaging System

A Visualsonics UBM system (model VS40 Visualsonics
Inc., Toronto, Canada) was modified to permit the sensitive
detection of nonlinear scattering. Foster et al., (2002) Ultra-
sound Med. Biol. 1165-1172. Alternatively a Vevo 660 or
another high frequency ultrasound system could be utilized.
The system employed a mechanically scanned single element
transducer and images were constructed from a consecutive
series of pulse-echo lines obtained during linear translation. A
block diagram overview of the relevant system components is
shown in FIG. 17, where modifications made to permit non-
linear imaging have been highlighted.

A. Transmit Sub-System

On the transmit side, a low amplitude pulse was generated
by gating the output of a reference transmit oscillator 1702.
For example a sinusoidal oscillator can be used. Both the
oscillator frequency and gate length are selectable, thereby
giving substantial control over the center frequency and pulse
bandwidth. The gate length can be selected using a gating
element 1704. The resulting low amplitude pulse was then
amplified using a selectable power amplifier 1706 to a level
appropriate for ultrasound pulse generation. In the original
VS40 configuration, this pulse passes directly into protection
circuitry comprising an expander, a limiter/pre-amplifier
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combination. After the received signal exits the limiter/pre-
amplifier combination it enters the receive sub-system of the
UBM.

The frequency content of the original high amplitude trans-
mit pulse was found to have significant energy outside of the
desired transmit bandwidth. This was due in part to the gating
process, which introduces frequency domain side lobes about
the main lobe of center frequency energy. It was also due to
second and third harmonics introduced by the power ampli-
fication stage. While this energy may not be significant in
linear imaging mode, it can seriously degrade the perfor-
mance of a nonlinear imaging system. An analog transmit
filtering stage 1708 was introduced after the power amplifi-
cation output to remove this energy. For the 20 MHz transmit,
an 8th order band pass filter was used with -3 dB points at
16.7 MHz and 24.9 MHz, and -20 dB points at 15.2 MHz and
25.5 MHz. For the 30 MHz transmit, an 8th order band pass
filter with -3 dB points at 25.8 MHz and 34.3 MHz, and -20
dB points at 24.4 MHz and 36.8 MHz was employed. With
these filters, the transmitted second harmonic levels were
reduced to levels less than —50 dB. The filtered high-voltage
signal exiting the power amplified was measured using a
Lecroy 520 oscilloscope (Chestnut Ridge, N.Y.). The second
harmonic level was found to be below the noise floor of the
oscilloscope, which was =50 to -53 dB relative to the funda-
mental frequency peak, depending on the transmit setting.

The convention used to describe the frequency ranges of
interest is: FN20 (fundamental 20 MHz), SH20 (subharmonic
of a 20 MHz transmit—i.e. 10 MHz), UH20 (ultraharmonic
of a 20 MHz transmit—i.e. 30 MHz), Sec20 (second har-
monic of a 20 MHz transmit—i.e. 40 MHz), FN30 (funda-
mental 30 MHz), and SH30 (subharmonic of a 30 MHz trans-
mit—i.e. 15 MHz).

B. Receive Sub-System

On the receive side of the original UBM system, signals
exiting protection circuitry 1710 enter an amplification and
filtering stage 1712, followed by a logarithmic compression/
envelope detection stage 1714. The signals were subse-
quently digitized using an analog to digital converter (A/D)
1716 and image line formation and display are carried out on
a PC platform 1718. A vertical image line was derived from a
single pulse-echo signal that was triggered based on the trans-
ducer position within the image plane. Each image was com-
posed of 512 equally spaced pulse echo lines.

For nonlinear imaging, the received signals were condi-
tioned by the introduction of an additional analog filtering
and amplification stage. This stage comprised a series con-
figuration of an attenuator 1720, filter 1722, pre-amplifier
1724, and a second filter 1726. The attenuator (Minicircuits,
Brooklyn, N.Y.) value was selected to prevent amplifier satu-
ration and was typically between 3-10 dB. A pre-amplifier
(either a 59 dB model AU-1341 or a 40 dB model AU-1341,
Miteq, Hauppauge, N.Y.) provided the additional signal gain
necessary to detect potentially small nonlinear signals. The
first filter was used in order to remove the majority of the
fundamental frequency signal and thereby permit a more
efficient use of the effective dynamic range of the amplifier.
The second filtering stage was used to exclude the remainder
of tissue signals, as well as to reject wideband pre-amplifier
noise outside of the frequency range of interest.

By employing the appropriate receive filters, images were
formed using energy in either the fundamental (linear imag-
ing) or one of the three nonlinear frequency ranges. A com-
bination of custom designed 8% order band pass filters and
commercially available filters was used to isolate the nonlin-
ear signals from the fundamental frequency signals. Table 1
summarizes the filters used for each of the SH20, UH20,
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Sec20, and SH30 imaging modes. Receive filter characteris-
tics for each of the nonlinear imaging modes. HPF (MC)
denotes a commercially available high-pass filter (Minicir-
cuits, Brooklyn, N.Y.), while the remainder are custom
designed band-pass filters.

TABLE 1
Filter 1 (MHz) Filter 2 (MHz)
SH20 -3 dB 7.0-11.5 7.0-11.5
-20 dB 6.4-13.0 6.4-13.0
UH20 -3 dB 25.0 HPF (MC) 28.3-33.4
-20 dB 29.0 27.5-34.3
Sec20 -3 dB 25.0 HPF(MC) 354-44.8
-20 dB 29.0 33.0-47.6
SH30 -3 dB 11.1-18.5 11.1-18.5
-20 dB 164-20.7 16.4-20.7

C. Transducer Characteristics

A custom made spherically focused co-polymer transducer
1701 (8 mm aperture, 20 mm focal length) was employed as
described by Foster and Sherar (1989) Ultrason. Imaging, 11:
75-94. At 20 MHz, the theoretical (Kino (1987) Acoustic
Waves: Devices, Imaging and analog Signal Processing) -3
dB depth of field was 8.2 mm and beam width was 0.187 mm.
At 30 MHz, the theoretical -3 dB depth of field was 5.5 mm
and beam width was 0.125 mm. The transducer bandwidth
was selected primarily to have sensitivity to nonlinear signals
(SH, UH, and SecH) associated with a transmit frequency of
20 MHz. The frequency response of the transducer was mea-
sured using the pulse-echo response from a quartz flat. A low
amplitude broadband pulse was employed and the results
were corrected for the path length attenuation in water
(0.000221 dB/(mm.MHz?)). The transducer had a center fre-
quency of 19 MHz and -12 dB points at S MHz and 32 MHz.
The sensitivity of the transducer at the nonlinear center fre-
quencies of SH20 (10 MHz), UH20 (30 MHz), and Sec20 (40
MHz), relative to its peak sensitivity at 19 MHz, was -4 dB,
-9dB, and -15 dB respectively. This frequency response also
made it possible to examine the SH30, with a relative sensi-
tivity of —3dB at the SH30 center frequency of 15 MHz.

In pulse-echo imaging, the effective lateral resolution is a
function of both the transmit and receive beam widths. In a
linear high-frequency, single-element, pulse-echo imaging
system, the transmit and receive lateral beam functions is
identical. In a nonlinear imaging system, the difference
between the transmit and receive center frequencies contrib-
utes to creating a lateral resolution that is intermediate
between these two cases. Theoretical estimates of the effec-
tive pulse-echo lateral resolution (i.e., -6 dB two-way) in the
focal plane were made by multiplying the one-way transmit
and receive lateral beam functions corresponding to the
appropriate center frequencies. For example, the SH20 (two-
way) beam function was the superposition of the 20 MHz
(one-way) transmit beam and the 10 MHz (one-way) receive
beam. The results are summarized in Table II.

TABLE II
Lateral
resolution (um) SH20 FN20  UH20 Sec20  FN30 SH30
-6dB 241 193 150 120 128 161
-12dB 325 264 205 165 176 217
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Transmit Characteristics
A. Transmit Conditions

The transmit conditions employed are of importance to the
performance of a nonlinear microbubble imaging system.
Transmit amplitudes, controlled in the VS40 by selecting
attenuation levels to the output stage of the power amplifier,
were varied over 1 order of magnitude. Amplitude values are
referred to, from highest to lowest, as 0 dB, -6dB, -12 dB and
-20dB.

The bandwidths of the pulse lengths employed in this study
were measured in pulse-echo mode at the =20 dB transmit
amplitude level using a quartz flat located at focus. Transmit
gate lengths of 4, 6, and 10 cycles were used, which corre-
sponded to measured -12 dB relative bandwidths of 34%,
27%, and 17% respectively. The transmit filter ensured that
the -40 dB bandwidth of transmit frequency energy was
between 13.2 MHz and 26.5 MHz for all bandwidths and
transmit amplitudes. Linearly scattered energy from tissue
did not therefore contribute to nonlinear frequency ranges of
interest. Similarly, the transmit filter for the 30 MHz pulse
ensured that no detectible energy was passed into the receive
bandwidth of the SH30 filter.

B. Hydrophone Measurements

A hydrophone was used to measure the transmitted pres-
sure at the focus for the pulse bandwidths and transmit ampli-
tudes employed in this study. The measurements were con-
ducted in a water tank using a 4 um thick PYDF membrane
hydrophone (Agilent Technologies, Palo Alta, Calif.) with a
geometric spot of 25 um diameter, as described in Cherin et
al., (2002) Ultrasound Med. Biol., 28(5): 635-646, which is
incorporated herein for the methods taught therein. The
received hydrophone signals were digitized at a 250 MHz
sampling rate using a PC based 8 bit A/D system (Gage
Applied Sciences, Montreal). One hundred traces were aver-
aged at each location. The fundamental and second harmonic
ratios were calculated using the ratio of their peaks in the
frequency domain.

FIG. 18 shows the peak negative pressures versus normal-
ized transmit amplitudes for all pulse lengths. The pressure
levels and nonlinear propagation are comparable to those
reported in. Cherin et al., (2002) Ultrasound Med. Biol,,
28(5): 635-646.

FIG. 19 shows a plot of the ratio of the second harmonic to
fundamental peak as a function of transmit amplitude. In
phantom experiments or in vivo, this ratio is lower than that
measured in water due to the high Gol’berg number of water
relative to soft tissues. Szabo et al., (1999) Ultrasound Med.
Biol. 18: 33-41.

To confirm that the measured second harmonic signal lev-
els were reasonable, nonlinear field simulations (Lee et al.,
(1995) 1. Acoust. Soc. Amer., 97: 906-917) were performed
for the transducer geometry and transmit conditions. In par-
ticular, the frequency domain amplitude ratios of second har-
monic and fundamental frequency signals at the lowest trans-
mit amplitudes at focus were calculated. As a point of
reference, the simulations were performed such that the cal-
culated and measured peak negative pressures were matched.
The physical properties of water used in these simulations
were: acoustic velocity=1500 m/s; density=1000 kg/m3;
attenuation=2.221x1"* dB per millimeter per megahertz’;
and the coefficient of non-linearity f=3.5. The results pre-
dicted a second harmonic to fundamental frequency rations of
-18.2, -18.0, and -17.7 dB for the 4. 6, and 10 cycle cases,
respectively. The measured values of -20.2, -19.8, and -19.8
dB were slightly lower than the predicted values, which dem-
onstrates that the received second harmonic signals are due to
nonlinear propagation rather than transmission artifacts.
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Nonlinear Scattering Characteristics

A. Methods

Nonlinear scattering from Definity™ was evaluated using
a flow cell located in the focal region of the transducer (FIG.
20). Mylar membranes at the front and back of the flow cell
provided an acoustic window for the beam. The front mem-
brane was oriented at 80 degrees with respect to the trans-
ducer beam axis to minimize membrane reverberation. The
geometric focus was located 2 mm behind the membrane. On
receive, the signals passed through a 59 dB pre-amplification
stage (AU-1341, Miteq, Hauppauge, N.Y.). Signals were then
digitized with a Lecroy 520 oscilloscope (Chestnut Ridge,
N.Y.) at a sample rate of 500 MHz. A time window of 2 pis in
length was analyzed, corresponding to 1.3 mm axial distance
centered about the transducer focus.

Immediately prior to the scattering measurements, Defin-
ity™ was diluted to a concentration of 0.01% by volume in
room temperature saline. The resulting suspension 2008 was
placed in a reservoir and mixing was performed gently with a
magnetic stirrer. Flow through the cell (inflow and outflow)
2010 was controlled with a gravity feed approach and was
sufficiently fast for replacement of agent within the beam to
occur between pulses (0.09 seconds). An average of 200
pulses was taken at each setting, and measurements were
repeated for 2 different vials of Definity™. Noise spectra
were also recorded at each acquisition setting, and these were
removed from the received agent spectra. The spectra pre-
sented here are not corrected for the frequency response of the
transducer on receive, in order to accurately reflect the rela-
tive signal strengths in each bandwidth that is available for
image formation. For the purposes of display, plots for each
pulse length are normalized to the peak of the fundamental
frequency at the 0 dB (i.e. maximum) transmit amplitude
setting.

B. Results

The received spectra as a function of pressure for transmit
pulses of 4, 6, 10 cycles are shown in FIG. 21. Under all
conditions a large and distinct SH20 peak can be seen. UH20
energy was also significant, though not generally in the form
of a pronounced peak. The relative strengths of these peaks
show that SH20 performs better than the UH20 in terms of
signal strength. This is in part due to the frequency response
of the transducer being more sensitive at the SH20 frequency
(10 MHz) than the UH20 frequency (30 MHz). The Sec20
signals are strong but, as can be seen from the hydrophone
data (FIG. 19), the second harmonic propagation is substan-
tial. The pressure data represent a single axial location 25 um
in diameter whereas the contrast spectra are derived from a
1.3 mm axial region and across the entire beam width.

These scattering results are qualitatively consistent with
those reported in Goertz et al., (2001) Proc. IEEE Ultrason.
Symp. In that study, which provided a comparison with linear
scatterers of known frequency response, it was found that
Sec20 nonlinear scattering was observable but substantially
contaminated by the presence of Sec20 propagation har-
monic.

These results, demonstrate the generation of substantial
subharmonic signals at relatively large bandwidths (17-34%).
Investigations of driven free bubbles indicate that subhar-
monic signal strength builds up over a number of transmit
cycles. The convention of referring to scattered energy cen-
tered at half the transmit frequency as subharmonic energy
was adopted.

In this study the presence of subharmonic energy for trans-
mit levels as low as 500 kPa was observed.
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FIG. 21 also indicates strong Sec20 signals but, as can be
seen from the hydrophone data (FIG. 19), the second har-
monic propagation was substantial.

Phantom Experiments

A. Methods

Phantom experiments were conducted at a transmit fre-
quency of 20 MHz in order to evaluate the qualitative and
quantitative performance of the system in SH20, UH20, and
Sec20 imaging modes. SH30 imaging is also demonstrated
for a transmit frequency of 30 MHz.

Phantoms were comprised of 83% (by weight) water, 15%
gelatin, and 2% amorphous silica particles (S-5631, Sigma
Chemical Co., St. Louis, Mo.) as scatterers. The acoustic
properties of this phantom material at high frequencies has
been described previously. Ryan and Foster, (1997) Ultra-
sound in Medicine & Biology 23: 261-273. A wall-less vessel
was created by 1 mm outer diameter wire located within a
chamber when the phantom material was cast. The wire was
then extracted, leaving two 18-gauge needle adaptors provid-
ing an inlet and outlet to a 1 mm diameter wall-less vessel.
The vessel was located at a depth of ~3-4 mm below the
surface of the phantom. Agent was passed through the vessel
using a gravity feed approach at a mean velocity of ~30 mm/s,
as calculated using the outflow. Agent was diluted to a con-
centration of 0.01% by volume in saline immediately prior to
the experiments. This concentration resulted in a vessel
echogenicity level comparable level to that of the surrounding
tissue. Experiments were conducted within 5-20 minutes of
agent dilution, which corresponds to a period of stable acous-
tic properties at high frequencies with Definity™. Goertz,
(2002) PhD Thesis, University of Toronto, 2002. The lateral
scan distance was 8 mm, and the frame rate was 1.9 Hz. All
images were acquired and displayed at this frame rate. At 512
lines per image, this corresponded to approximately a | KHz
pulse repetition frequency (PRF).

Experiments were conducted in SH20, FN20, UH20 and
Sec20 modes, as well as SH30 and FN30 modes. The trans-
ducer beam was oriented at an angle of 70 degrees with
respect to the vessel long axis and the scan plane imaged the
vessel in cross-section. A water bath was used to couple the
transducer with the phantom. The experiments were con-
ducted as a function of transmit amplitude and bandwidth.
For each transmit condition, 16 image frames were recorded
using 2 bottles of agent. Quantification of the B-scan images
was accomplished in the following manner. A conversion
from logarithmically compressed data to linear power data
was performed using a calibration table derived from mea-
surements. Within each linear power image, three regions of
interest (ROI) are selected. Contrast (‘vessel’) signals were
derived from the average power within a 0.5 mm by 0.5 mm
region located within the vessel. Tissue signals were mea-
sured from a 2 mm wide by 0.5 mm deep region at the same
depth as the vessel. The noise signal was recorded from a
location within the water coupling region preceding the phan-
tom where no echoes were present. The mean and standard
error of the average power within these regions was then
calculated at each setting. When a tissue signal was present
the contrast to tissue ratio (CTR) was calculated. When the
tissue signal was suppressed to below the noise floor, the
contrast to noise ratio (CNR) was calculated as the ratio of the
average power in the vessel ROI to the average power in the
noise ROL

These results were then plotted against mechanical index,
using the water tank hydrophone pressure data (FIG. 18). The
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mechanical index was calculated as the peak negative pres-
sure divided by the square root of the transmit frequency
measured in MHz.

Axial and lateral vessel sizes were measured in each imag-
ing mode. The mean and standard error were calculated using
16 image frames. For the subharmonic and ultraharmonic
cases, the vessel dimensions corresponded to the point at
which the vessel dimensions corresponded to the point at
which the vessel image rose above the electronic noise floor.
For the fundamental and second harmonic cases, the vessel
dimensions were made visible due to differences in the lateral
correlation pattern of flowing agent as compared to tissue.
B. Results

The ability to form images using the linear FN20, and the
three nonlinear frequency regions of SH20, UH20, and Sec20
is demonstrated in FIG. 22. These results are for a 6-cycle
pulse and transmit amplitude of -6 dB. By selection of the
Definity™ concentration, the FN20 image shows similar sig-
nals level in the vessel and tissue regions. Both the SH20 and
UH20 images demonstrate suppression of tissues signal to
below the noise floor. This latter point is due to the use of
nonoverlapping transmit and receive analog filter bandwit-
dths. The presence of significant contrast signal compared to
the noise floor in both the subharmonic and ultraharmonic
frequency regions is due to the nonlinear scattering demon-
strated in FIG. 21. In the Sec20 image the tissue signal has not
been suppressed, and shows qualitatively little difference in
CTR as compared to FN20 mode.

Note also that the character of the speckle is different in the
vessel region as conipared to the surrounding tissue. This is
primarily due to the speed of microbubbles within the vessel
being significant relative to the transducer scan speed, which
reduces the lateral correlation length of speckle within the
vessel. This is also observed with linear scatters.

An examination of FIG. 22 also reveals differences in the
vessel size appearance between imaging modes. The axial
and lateral dimensions, as measured in each imaging mode
under the conditions shown in FIG. 22, are summarized in
Table II1.
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dependent nature of the received signals. If an onset pressure
threshold is present, this has the effect of limiting the lateral
width of the transmit beam. Furthermore, the form of the
increase in signal strength as a function of pressure also
changes the lateral distribution of received signal strengths
for a point scatterer, which in turn affects the lateral point-
spread function. For the Sec20 case, the measured vessel size
is smaller than would be expected when considering the theo-
retical effective beamwidth (Table IT). However, this estimate
does not take into account the narrowing of the transmit beam
due to nonlinear propagation. Additionally, the poor CTR and
SNR in second harmonic mode can lead to a lower estimate of
the measured vessel width than for the other imaging modes.

FIG. 23 shows an example result for a transmit frequency
of 30 MHz (six cycles). As with SH20 imaging mode, the
UH20 mode also demonstrates the suppression of tissue sig-
nal to below the noise floor. The 20 MHz transmit case in a
quantitative manner using SH20, UH20, and Sec20 signals
were concentrated on, but, the results shown in FIG. 23 dem-
onstrate that the potential exists to extend SH imaging to
substantially higher transmit frequencies.

A quantative analysis of the CTR and CNR was performed
as a function of pulse length and MI for a transmit frequency
of 20 MHz (F1G. 24). In FN20 mode, the CTR rises from 4 dB
to 7 dB with increasing MI. For both the SH20 and UH20
modes, the CNR is substantial and increases with pulse length
and MI. At the highest MI, SH20 and UH20 have CNRs of 26
dBand 17 dB, respectively. Even at the lowest transmit ampli-
tude, subharmonic and ultraharmonic signals are present.
Therefore, these data indicate that SH20 and UH20 imaging
modes are both perform well in suppressing tissue signals.

The vessel appears largest for SH20 mode, and is progres-
sively smaller for the FN20, UH20, and Sec20 modes. In the
lateral direction, this is attributed to receive beam width dif-
ferences arising from the different center frequencies. In the
axial direction, both differences in the receive filters as well as
nonlinear bubble responses can result in differences in reso-
lution. Note also that the character of the speckle is different
in the vessel region as compared to the surrounding tissue.

TABLE 1
Measured Size (mm) SH20 FN20 UH20 Sec20
Axial 1.335+0.016 1.076 £0.015 1178 +0.01  1.010 =0.002
Lateral 1.34 £0.02 1.188 £ 0.03 1.146 £ 0.014  1.023 = 0.008

In the axial direction, the vessel size appears largest in SH20
mode, and progressively smaller for the FN20, UH20, and
Sec20 modes, respectively. At least two factors contribute to
this. First, as summarized in Table I, the receive bandwidths
differ between imaging modes, which can result in differ-
ences in axial resolution. Second, nonlinear bubble behavior
may potentially lead to differences in emitted pulse lengths
between each imaging mode.

In the lateral direction, the vessel also appears larges in the
SH20 made and is progressively smaller for the FN20, UH20,
and Sec20 modes, respectively. As illustrated in Table II, an
important factor contributing to this are differences in trans-
mitand receive frequencies leading to differences in the trans-
mit and receive beamwidths. The increase in lateral vessel
dimension would be expected to correspond to the effective
lateral resolution of the transducer. Indeed, for the SH20,
FN20, and UH20, the difference between the actual and mea-
sured vessel sizes was within the range of theoretical -6 to
-12 dB effective beamwidths. In SH20 and UH20 modes,
another factor affecting the lateral resolution is the pressure
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This is primarily due to the speed of microbubbles within the
vessel being significant relative to the transducer scan speed,
which reduces the lateral correlation length of speckle within
the vessel. This is also observed with linear scatterers. Goertz
et al., (2003) Ultra sound Med. Biol., 29: 39-51.

These data therefore indicate that SH20 and UH20 imaging
modes perform well in suppressing tissue signals.

In Vivo Experiments

A. Methods

Experiments were conducted using a mouse heart and rab-
bit ear. In the mouse heart, agent located within the left
ventricle was specifically visualized. The mice were anesthe-
tized using isoflurane. Definity™ was diluted to 25% by
volume in saline, and a bolus of 0.02 ml was injected through
a 24-gauge catheter located within a tail vein. Images were
acquired within 3 minutes after injection. Nonlinear experi-
ments were performed in SH20 imaging mode using a 6-cycle
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pulse at =6 dB transmit amplitude. Linear imaging was per-
formed in VS40 B-scan mode with a broadband pulse cen-
tered at 19 MHz.

The rabbit ear is a useful model with which to examine the
microvasculature. A range of vessel calibers are readily vis-
ible and the ear can be stabilized to avoid tissue motion
artifacts. The rabbit was anesthetized with isoflurane during
the experiments. Agent was administered through a contra-
lateral ear vein by means of an intravenous drip, with the
agent diluted to a concentration of 2% by volume in physi-
ologic saline. Linear imaging was performed in normal V840
B-scan imaging mode using a broadband 19 MHz centered
pulse. Nonlinear imaging experiments were performed in
SH20 mode using 6 cycles and a ~6 dB transmit amplitude.
All animal experiments were conducted in accordance with
protocols approved by the Sunnybrook and Women’s College
Health Sciences Centre Institutional Animal Care and Use
Committee.

B. Results

FIG. 254 shows a short axis view of the left ventricle of a
mouse heart in linear B-scan imaging mode. FIG. 255 shows
a SH20 image of the same view following a tail vein bolus
injection of Definity™. SH20 mode can be seen to suppress
the tissue signal, and leaves a clear view of agent located
within the left ventricle. Other isolated bright spots are also
evident that may be associated with agent located in nearby
vasculature. These spots were not present prior to the injec-
tion of agent. In addition to providing a useful in vivo vali-
dation, these results demonstrate that nonlinear contrast
imaging is useful in high frequency small animal imaging,
which is a rapidly growing application for ultrasound biomi-
croscopy. Foster etal., (2000) Ultrasound Med. Biol. 26:1-27.

Agents became detectible in the nonlinear images within
several seconds after venous injection, which is reasonable
when it is considered that the average circulation time for
blood in adult mice is approximately 7 seconds. As with
conventional frequency contrast, the implementation and
investigation of techniques to examine the time course of
agent inflow into regions of interest can provide important
physiological information. The use of nonlinear agent-detec-
tion strategies, such as those demonstrated herein, can
enhance the performance of such techniques.

FIG. 26 shows a 20 MHz fundamental mode image of the
cross section of a rabbit ear which includes a visible vessel of
~300-400 um in diameter. Following a bolus injection of
agent, SH20 imaging clearly detects agent in this vessel as
well as other previously unresolved microvessels while sup-
pressing the tissue signal to below the noise floor.

Example 2

A High Frequency Nonlinear Color Flow Imaging
System

The system design was based on a previously reported
combined pulsed-wave Doppler (PWD)/high frequency flow
imaging system (Deng et al., (1998) Ultrasound Med. Biol.
24: 383-394), which was modified for use with nonlinear
signals. The system was implemented using a Visualsonics
(model V840, Visualsonics Inc., Toronto) B-scan/PWD
instrument (Foster et al., (2002) Ultrasound Med. Biol. 1165-
1172) in combination with a separate PC based data acquisi-
tion card and flow processing. Alternatively a Vevo 660, or
another system, could be utilized. A mechanically scanned
single element transducer was used and images were con-
structed from a consecutive series of pulse-echo lines
obtained during linear translation. A block diagram overview
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is shown in FIG. 27, where design modifications to enable
nonlinear imaging capabilities are highlighted.
A. Transmit Sub-System

The transmit component of the system is described herein.
Both the oscillator frequency and gate length were selectable
using a transmit oscillator 2702 and a gating element 2704,
thereby giving substantial control over the center frequency
and pulse bandwidth. The resulting low amplitude pulse was
then amplified using a selectable power amplifier 2706 to a
level appropriate for ultrasound pulse generation. In the origi-
nal VS840 configuration, this pulse passed directly into pro-
tection circuitry 2708 consisting of an expander and a limiter/
pre-amplifier combination. After the received signal exited
the limiter/pre-amplifier it entered the receive sub-system,
which is discussed in more detail in the following section.

To ensure that the transmit and receive frequency bands do
not overlap a high power bandpass filter 2712 to remove
frequency domain side-lobes that would leak into the receive
filter bandwidths. For the 20 MHz centered transmit pulse
used in this study, an 8” order band pass filter was used with
-3 dB points at 16.7 MHz and 24.9 MHz, and -20 dB points
at 15.2 MHz and 25.5 MHz.

A spherically focused polymer transducer 2710 (8 mm
aperture, 20 mm focal length) was employed. At 20 MHz, the
theoretical =3 dB depth of field was 8.2 mm and beam width
was 0.187 mm. The transducer has center frequency of 19
MHz and -12 dB points at 5 MHz and 32 MHz. The sensi-
tivity of the transducer at the subharmonic center frequency
(10 MHz) relative to its peak sensitivity at 19 MHz, is -4 dB.
B. Receive Sub-System

The receive side of the original VS40 system is split into
two sub-systems: one for B-scan imaging and one for PWD.
The B-scan imaging sub-system (not shown) employs analog
logarithmic compression circuitry, which in this study is used
to form linear B-scan images prior to conducting color flow
imaging experiments. To enable color flow imaging mode, RF
signals exiting the protection circuitry undergo analog coher-
ent quadrature demodulation 2724 using components of the
VS40 PWD sub-system. In linear flow imaging mode (Deng
et al., (1998) Ultrasound Med. Biol. 24: 383-394), the trans-
mit oscillator signal was used as a reference demodulation
source. The resulting in-phase and quadrature baseband sig-
nals were then split into two paths: one for PWD and the
second for color flow imaging. In the PWD path (not shown),
the signals enter audio frequency circuitry where they were
sampled at a specific depth to generate a PWD spectrum. An
amplifier/filter 2734 can condition the signal between quadra-
ture demodulation and the A/D system. In the flow imaging
path, the baseband signals were acquired using a two channel
12-bit A/D system 2726 (PDA12, Signatec, Corona, Calif.)
located in a separate PC 2732. To ensure that trace-to-trace
acquisition jitter was not significant, the A/D board was oper-
ated in external clock mode using the master oscillator output
as asource. Triggers were provided by timing circuitry within
the PWD sub-system of the VS40. Data for a 2D image plane
were acquired as pulses were continuously sent and received
at the PRF while the transducer was scanned in a linear
manner over the region of interest. The resulting data then
undergo processing to extract color flow information.

For nonlinear color flow imaging, two modifications were
made to the above approach: the addition of an analog RF
signal conditioning stage, and the use of a separate receive
demodulator. The instrumentation modifications are high-
lighted in FI1G. 27 and their effect on the signals is illustrated
in FIG. 28. In the signal conditioning stage the nonlinear
signals are isolated using a series configuration of an attenu-
ator 2714, filter 2716, pre-amplifier 2718, and a second filter
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2720. The pre-amplifier (44 dB model AU-1313, Miteq,
Hauppauge, N.Y.) provided the additional signal gain to
detect the nonlinear signals. Two filters 2716 and 2720 were
used for the efficient removal of linear signals, as well as the
rejection of wideband amplifier noise outside the frequency
range of interest. The subhannonic of a 20 MHz transmit
signal was evaluated, and the filters used for this were two 8%
order bandpass with —20 dB cut-off values at 6.4 and 13.0
MHz. As described herein, other nonlinear frequency regions
may also be assessed with this instrumentation by the appro-
priate selection of receive filter characteristics.

The use of a separate receive oscillator 2722 made it pos-
sible to selectively demodulate the nonlinear signals of inter-
est, thereby producing analog quadrature baseband signals
for that frequency range. This was accomplished by setting
the receive oscillator frequency to be equal to the center of the
nonlinear frequency band of interest. The transmit oscillator
was set to 20 MHz, and the receive oscillator to 10 MHz,
corresponding to the center frequency of subharmonic
energy.

This system design approach, which integrates PWD and
color flow functionality, also enables nonlinear PWD in addi-
tion to color flow imaging.

C. Signal Processing

Data for a single frame were acquired by scanning the
transducer in a linear manner at constant velocity over a
region of interest using the VS40 scanning software. For
linear fundamental mode imaging a clutter filter is first
applied across the entire data set, followed by partitioning the
data into ensembles centered about a series of transducer
locations (Deng et al., (1998) Ultrasound Med. Biol. 24:
383-394). In subharmonic imaging mode this is not used,
since all tissue signals were suppressed to below the noise
floor. Velocity and Doppler power estimates were then pet-
formed on these ensembles using the 2D autocorrelator (Lou-
pas (1995) IEEE Trans. Ultrason., Ferroelec., Freq. Contr. 42:
672-688), (Loupas (1995) IEEE Trans. Ultrason., Ferroelec.,
Freq. Contr. 42: 689-699). Unlike a 1D autocorrelator, which
assumes a center frequency for the received signal, the 2D
autocorrelator explicitly estimates the receive signal center
frequency and accounts for this in the velocity estimate. This
may be important if the nonlinear signals of interest deviate
significantly from their assumed center frequency (the
demodulation frequency), or have substantial stochastic
variation about that center frequency.

The use of second harmonic scattering for velocity estima-
tion has been discussed previously (Hope-Simpson et al.,
(1999) Ultrason. Ferroele, Freq. Contr 46: 372-382), includ-
ing the implications of applying coherent Doppler estimators
to data sets derived from coherent analog demodulation
approaches. Verbeek et al., (1998) IEEE T. Bio-med. Eng.
45(10): 1217-1226. While the use of subharmonic signals for
image formation has been reported previously (Forsberg et
al., (2000) Ultrasonics 38: 93-98), the use of subharmonic
signals for velocity estimation has not been reported.

In a conventional flow imaging system, this estimator is
applied to clutter filtered data and its output therefore related
to the amount of blood with a velocity (along the transducer
beam axis) above the clutter filter cut-off frequency. Without
applying a clutter filter, this parameter is not directly con-
strained by a minimum blood velocity determined by the
clutter filter passband.

In the final stage of image formation, the decision to dis-
play a color pixel is based solely on setting a threshold level
of the Doppler power. No additional image processing is
performed, in order to have a direct indication of the velocity
and power estimator outputs for the purposes of analysis.
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D. Transmit Conditions

The results were obtained using a 27% (-12 dB) bandwidth
20 MHz centered pulse. The transmit amplitude corre-
sponded to the -6 dB of the maximum transmit setting of the
VS40, which was measured by hydrophone to have a peak
negative pressure of 2.6 MPa (mechanical index=0.68) at
focus in a water bath. As found in agent characterization
experiments described herein, these conditions produce a
pronounced subharmonic signal from Definity™.

Phantom Experiments

A. Methods

Validation experiments were conducted using a wall-less
vessel phantom. Phantoms were comprised of 83% (by
weight) water, 15% gelatin, and 2% amorphous silica par-
ticles (S-5631, Sigma Chemical Co. St. Louis Mo.) as scat-
terers. The acoustic properties of this phantom material at
high frequencies has been described previously. Ryan and
Foster (1997) Ultrasound in Medicine & Biology 23(2): 261-
273. A wall-less vessel was created by a 1 mm outer diameter
wire located within a chamber when the phantom material
was cast. The wire was then extracted, leaving two 18-gauge
needle adaptors providing an inlet and outlet to a 1 mm
diameter wall-less vessel. The vessel was located at a depth of
~3-4 mm below the surface of the phantom. Agent was passed
through the vessel using a gravity feed approach and mean
velocities were calculated using the outflow. Agent (Defin-
ity™) was diluted to a concentration of 0.01% by volume in
saline immediately prior to the experiments.

The transducer scan speed was 1 mm/s and the PRF was 5
KHz. Ensemble lengths of 50 pulses were used to perform
velocity and power estimates, and image lines were calcu-
lated every 40 um. The transducer axis was oriented at an
angle of 70 degrees with respect to the vessel axis. This
known angle was corrected for in the processed results, which
therefore indicate the estimated velocity along the long axis
of the vessel. Mean velocities through the vessel were esti-
mated by Doppler power-weighting each velocity pixel. For
the purposes of comparison, mean flow velocities within the
vessel were also measured using the vessel outflow combined
with the vessel diameter as measured with 40 MHz linear
B-scan ultrasound. Mean flow velocities in 10-20 mm/s range
were used.

B. Results

FIG. 29a shows a phantom image in fundamental VS40
B-scan imaging mode, where contrast agent is visible within
the vessel region. FIG. 296 shows an enlarged view of the
target region. The signal intensity level is slightly higher
within the vessel lumen and has vertically striated speckle
appearance due to signal decorrelation arising from flow
speeds that are significant in comparison to the transducer
scan speed. Illustrative subharmonic power Doppler and
velocity images derived from this phantom at a transmit
amplitude of -6 dB are shown in FIGS. 29¢ and d respec-
tively. The power Doppler image has an appearance similar to
that of the nonlinear B-scan images as described herein, with
the signals from the tissue region of the phantom having been
suppressed to below the noise floor. The velocity image
exhibits a unidirectional velocity pattern, consistent with
what is expected within the vessel phantom. A repetitive
measurement of the velocity under these transmit conditions
found the Doppler estimated mean velocity within the vessel
to be 18.8x1.1 mm/s, which compared well with the velocity
of 18.1 mm/s measured using the outflow. The phantom
experiments therefore indicate that both power Doppler and
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velocity estimation can be performed using subharmonic
emissions stimulated at a 20 MHz transmit frequency.

In Vivo Experiments

A. Methods
In vivo experiments were conducted using microvessels

located within a rabbit ear. Images were acquired with a 1

mny/s scan speed and at a PRF of 5 kHz. Ensemble lengths of

50 pulses were used to perform velocity and power estimates.

Prior to conducting the color flow experiments, the ear was

imaged in linear B-scan mode, and the velocity of flow within

the vessels was assessed using 20 MHz linear PWD. A

15-cycle pulse was used at a PRF of 5 kHz. and these data

were collected prior to the injection of contrast.

The rabbit was anesthetized with isoflurane during the
experiments. Agent was administered through a contra-lat-
eral ear vein by means of an intravenous drip, with the agent
diluted to a concentration of 2% by volume in physiologic
saline. Linear imaging was performed in normal VS840 B-scan
imaging mode using a broadband 19 MHz centered pulse. All
animal experiments were conducted in accordance with pro-
tocols approved by the Sunnybrook and Women’s College
Health Science Centre Institutional Animal Care and Use
Committee.

B. Results
FIG. 30a shows a 19 MHz B-scan image of a rabbit ear in

cross-section, where a 300-400 pum microvessel is evident.
FIG. 304 is a 20 MHz pulsed-wave Doppler spectra from this
vessel which shows the flow to be pulsatile, with peak veloci-
ties on the order of 20-35 mm/s. F1G. 30c¢is a color flow image
of this vessel derived from the subharmonic signals. The
estimated velocities are in a similar range to those indicated
by PWD spectrum. These results provide an in vivo demon-
stration of velocity imaging using subharmonic emissions at
ultrasound biomicroscopy frequencies.

Throughout this application, various publications are ref-
erenced. The disclosures of these publications in their entire-
ties are hereby incorporated by reference into this application
in order to more fully describe the state of the art to which this
pertains. The references disclosed are also individually and
specifically incorporated by reference herein for the material
contained in them that is discussed in the sentence in which
the reference is relied upon.
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What is claimed is:

1. An ultrasound imaging system, comprising:

atransmit subsystem configured to produce high frequency
ultrasound energy at a center frequency of at least 25
MHz, wherein the transmit subsystem includes—
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a transmit oscillator configured to generate a transmit
pulse having a pulse frequency centered at the center
frequency and a pulse length of a predetermined num-
ber of cycles; and

an external transducer electrically connected to the
transmit oscillator and configured to transmit ultra-
sound energy based on the transmit pulse;

a receive subsystem configured to receive ultrasound
echoes emission of the transmitted ultrasound energy
scattered by a microbubble contrast agent, wherein
the receive subsystem includes at least a first filter
configured to filter the ultrasound echoes received at
the transducer and output nonlinear ultrasound ech-
oes in a frequency band of interest centered at a sub-
harmonic frequency of the first frequency; and

a processing system configured to produce an image
from the filtered non-linear ultrasound echoes,
wherein the processing system includes—

a reference oscillator coupled to the transmit oscillator
and configured to produce reference signals at the
subharmonic frequency; and

a demodulator coupled to the reference oscillator and
configured to selectively demodulate the filtered non-
linear ultrasound echoes.

2. The ultrasound imaging system of claim 1, wherein the
image produced by the processing system is a B-Mode ultra-
sound image.

3. The ultrasound imaging system of claim 1, wherein the
image produced by the processing system is a color flow
ultrasound image.

4. The ultrasound imaging system of claim 1, wherein the
image produced by the processing system is a pulsed wave
Doppler spectrum.

5. The ultrasound imaging system of claim 1, wherein the
image produced by the processing system is a power Doppler
image.

6. The ultrasound imaging system of claim 1, wherein the
received non-linear echoes include ultrasound energy at a
sub-harmonic frequency of the transmitted frequency.

7. The ultrasound imaging system of claim 6, wherein the
processing system is further configured to generate a blood
velocity estimate from the nonlinear sub-harmonic frequency
echoes.

8. The ultrasound imaging system of claim 1, wherein the
received nonlinear ultrasound echoes include ultrasound
energy at a second harmonic of the transmitted frequency.

9. The ultrasound imaging system of claim 6, wherein the
high frequency ultrasound is transmitted at a fundamental
center frequency of f__, .., and the received non-linear ultra-
sound echoes include ultrasound energy having a frequency
Of fcenter/z ‘

10. The ultrasound imaging system of claim 1, wherein the
transducer is configured to transmit a plurality of high fre-
quency ultrasound pulses and to receive non-linear ultra-
sound echoes of the transmitted ultrasound scattered by the
microbubble contrast agent and wherein the processing sys-
tem is configured to provide at least one velocity estimate
from the filtered non-linear ultrasound echoes.

11. The ultrasonic imaging system of claim 10, wherein the
processing system is further configured to produce a pulsed
wave Doppler spectrum from the filtered nonlinear ultra-
sound echoes.

12. The ultrasound imaging system of claim 10, wherein
the high frequency ultrasound is transmitted at a fundamental
center frequency of f, and the filtered non-linear sound

center?

echoes have a frequency of f_,, /2.
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13. The ultrasound imaging system of claim 12, wherein
the processing system is configured to produce a color flow
image.

14. The ultrasound imaging system of claim 1, wherein the
ultrasound transducer has only a single element for transmit-
ting and receiving sound.

15. The ultrasound imaging system of claim 1, wherein the
microbubble contrast agent is located within a living subject.

16. The ultrasound imaging system of claim 15, wherein
the subject is a small animal.

17. The ultrasound imaging system of claim 16, wherein
the small animal is a mouse or a rat.

18. A method for producing an ultrasound image, compris-
ing:

administering a plurality of microbubbles to a subject;

transmitting high frequency ultrasound at a center fre-

quency of at least 25 MHz into the subject;

receiving ultrasound echoes of the transmitted ultrasound

scattered by at least one administered microbubble
located within the subject, wherein the receiving
includes applying a first filter to remove linear signals
from the ultrasound echoes; and

processing the non-linear ultrasound echoes to produce an

image, wherein the processing includes—

producing a first reference signal and a second reference

signal at a subharmonic frequency of the transmitted
center frequency; and

selectively demodulating the filtered non-linear ultrasound

echoes using the first reference signal and the second
reference signal.

19. The method of claim 18, wherein the subject is a small
animal.

20. The method of claim 19, wherein the small animal is a
mouse or a rat.

21. The method of claim 18, wherein the image produced is
a B-Mode ultrasound image.

22. The method of claim 18, wherein the image produced is
a color flow ultrasound image.

23. The method of claim 18, wherein the image is a pulsed
wave Doppler spectrum.

24. The method of claim 18, wherein the image is a power
Doppler image.

25. The method of claim 18, wherein the received non-
linear echoes include ultrasound energy at a sub-harmonic
frequency of the transmitted frequency.

26. The method of claim 25, further comprising generating
a blood velocity estimate from the received non-linear sub-
harmonic frequency echoes.

27. The method of claim 18, wherein the received non-
linear echoes include ultrasound energy at a second harmonic
of the transmitted frequency.

28. The method of claim 18, wherein the high frequency
ultrasound is transmitted at a fundamental center frequency
of f,,... and the received non-linear sound echoes have a
frequency of f_,,.,/2.

29. The method of claim 18, wherein a plurality of high
frequency ultrasound pulses are transmitted into the subject
and a plurality of non-linear sound echoes of the transmitted
ultrasound scattered by a microbubble contrast agent are
received, and wherein at least one velocity estimate is pro-
duced from the received non-linear echoes.

30. The method of claim 29, wherein a pulsed wave Dop-
pler spectrum is produced from the received non-linear ech-
oes.
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31. The method of claim 29, wherein the high frequency
ultrasound is transmitted at a fundamental center frequency
of £_,,,.,» and the received non-linear sound echoes have a
frequency of f_,,,../2.

32. The method of claim 31, wherein the received non-
linear sound echoes are used to produce a color flow ultra-
sound image.

33. The system of claim 1 wherein at least 20% by volume
of microbubbles in the microbubble contrast agenthave a size
of less than 1 micron.

34. The method of claim 18 wherein at least 20% by vol-
ume of the microbubbles have a size of less than 1 micron.

35. The method of claim 18 further comprising applying a
second filter to the ultrasound echoes to remove ultrasound
energy outside of a frequency range of interest, approxi-
mately centered at the subharmonic frequency.
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