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LIQUID AND SOLID TISSUE MIMICKING
MATERIAL FOR ULTRASOUND PHANTOMS
AND METHOD OF MAKING THE SAME

This invention was made with United States government
support awarded by the following agency: NIH Grant No.
GM54377. The United States government has certain rights
in this invention.

FIELD OF THE INVENTION

This invention pertains generally to the field of materials
which closely mimic the ultrasonic propagation character-
istics of human tissue, and particularly to such materials
used in ultrasound phantoms for use with ultrasound scan-
ners.

BACKGROUND OF THE INVENTION

Materials which closely mimic the ultrasonic propagation
characteristics of human tissue are employed in imaging
phantoms and other test objects for use with ultrasound
scanners. These phantoms may be used to carry out perfor-
mance checks on ultrasound scanners. Phantoms may also
be used for training or testing student technologists in the
operation of ultrasound scanners or the interpretation of
ultrasound images produced by such scanners.

Ideally, such material should be capable of mimicking soft
human tissue with respect to at least three characteristics:
speed of sound, ultrasonic attenuation, and ultrasonic scat-
tering. The speed of sound in the tissue mimicking material
should rest in the range from approximately 1460 m/s,
characteristic of human fat tissue, to 1640 m/s, characteristic
of the human eye’s lens. The attenuation coefficient with
respect to frequency of the material should lie in the range
from approximately 0.4 dB/cm/MHz, characteristic of
human fat tissue, to 2.0 dB/cm/MHz, characteristic of
human muscle tissue. Additionally, the attenuation coeffi-
cient should be approximately proportional to the ultrasonic
frequency. In other words, the attenuation coefficient with
respect to frequency, or the attenuation coefficient slope,
should remain constant for varying ultrasonic frequencies.
These characteristics of human tissue should be maintained
at all frequencies in the typical range of ultrasonic scanners,
from 1-10 MHz. Moreover, the variation of these charac-
teristics within the range of room temperature should be
small. Additionally, these materials should be stable in time
and invulnerable to reasonable environmental fluctuations.
They should also be free of any pockets of air or gas.
Furthermore, the bulk properties of the material should be
the same throughout the volume of a particular phantom or
phantom section.

A tissue mimicking material satisfying the above charac-
teristics was disclosed in U.S. Pat. No. 4,277,367, to
Madsen, et al., entitled Phantom Material and Methods, in
which both the speed of sound and the ultrasonic attenuation
properties could be simultaneously controlled in a mimick-
ing material based on water based gels, such as those derived
from animal hides. In one embodiment, ultrasound phan-
toms embodying the desired features for mimicking soft
tissue were prepared from a mixture of gelatin, water,
n-propanol and graphite powder, with a preservative. In
another embodiment, an oil and gelatin mixture formed the
basis of the tissue mimicking material.

Tissue mimicking material is typically used to form the
body of an ultrasound scanner phantom. This is accom-
plished by enclosing the material in a container which is
closed by an ultrasound transmitting window cover. The
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tissue mimicking material is admitted to the container in
such a way as to exclude air bubbles from forming in the
container. In addition to the tissue mimicking material itself,
scattering particles, spaced sufficiently close to each other
that an ultrasound scanner is incapable of resolving indi-
vidual scattering particles, and testing spheres or other
targets may be located within the phantom container, sus-
pended in the tissue mimicking material body. Such an
ultrasound phantom is useful in evaluating the ability of
ultrasound medical diagnostic scanners to resolve target
objects of selected sizes located throughout the tissue mim-
icking material. The objective is for the ultrasound scanner
to resolve the testing spheres or other targets from the
background material and scattering particles. This type of
ultrasound phantom is described in U.S. Pat. No. 4,843,866,
to Madsen, et al., entitled Ultrasound Phantom.

U.S. Pat. Nos. 5,625,137 and 5,902,748 to Madsen, et al.
disclose a tissue mimicking material with very low acoustic
backscatter coefficient that may be in liquid or solid form. A
component in both the liquid and solid forms is a filtered
aqueous mixture of large organic water soluble molecules
and an emulsion of fatty acid esters, which may be based on
a combination of milk and water. Hydroxy compounds, such
as n-propanol, can be used to control the ultrasonic speed of
propagation through the material and a preservative from
bacterial invasion can also be included. The use of scattering
particles allows a very broad range of relative backscatter
levels to be achieved.

In an effort to limit patient exposure to ultrasound, the
Food and Drug Administration (FDA) and the American
Institute of Ultrasound in Medicine have made recommen-
dations to ultrasound equipment manufacturers that values
of two parameters, which are relevant to potential biological
effects, be available to clinical users. One parameter is the
thermal index (TI), the value of which is a predictor for
temperature rise of tissue in an ultrasound beam. The other
recognized potential mechanism of biological damage
involves cavitation, and the likelihood of patient injury due
to cavitation is thought to increase with the value of the
parameter referred to as the mechanical index (MI). The
definitions and models for the TI and MI are detailed in a
standard produced by a joint committee of the American
Institute of Ultrasound in Medicine (AIUM) and the
National Electrical Manufacturers Association (NEMA).

In acoustic output quantification, a hydrophone is typi-
cally used in a water tank to record the temporal acoustic
pressure of a propagating wave. The most extreme rarefac-
tional pressure, p,, is used for calculating MI, and the pulse
intensity integral, PII, is used for calculating the temporal
average intensity. The MI and the temporal average intensity
are subject to restrictions imposed by the FDA. The tem-
poral average intensity is also used in calculating TI.

According to the presently applicable standards, the
water-measured pressures and intensities are made to model
the attenuation effects of tissue through the application of a
derating factor. Derating is applied to any waveform by
multiplying all acoustic pressures, p(t) (at time t) by a factor
e~ 0F where a:=0.3 dB/cm-MHz=0.0345 nepers/cm-MHz is
the attenuation coefficient slope, 0 is the center frequency of
the pulse, and z is the distance from the transducer to the
receiver. Use of the deration process assumes that the
propagation of the sound pulse in water or in tissue is linear.
However, it is well known that most diagnostic ultrasound
systems commonly emit pulses which are nonlinear for
propagation in both water and tissue. Generation of pulse
nonlinearities in the water is a concern because the derating
process assumes linear propagation and a result can be
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significant underestimation of intensity. It is not known to
what extent such nonlinearities occur in tissue although it is
thought that most tissues are less subject to such an effect
than water.

There are two approaches to replacing the presently used
water-deration method of measurement with more accept-
able methods. One is theoretical, viz, to extend the deration
method to account for nonlinear propagation in both water
and a hypothetical tissue-mimicking material using the
Khokhlov-Zabolotskaya-Kuznetsov (KZK) equation. The
other approach for accurately determining exposure param-
eters is direct experimental measurement using a medium
which adequately mimics tissue in the relevant ultrasonic
parameters, viz, propagation speed, attenuation and nonlin-
ear propagation. The liquid tissue mimicking material dis-
closed in U.S. Pat. Nos. 5,625,137 and 5,902,748 may be
utilized for this purpose. Tests of the accuracy of the
water-derating procedure have been made employing a
tissue-mimicking liquid as described in U.S. Pat. Nos.
5,625,137 and 5,902,748 with properties recommended by
the American Institute of Ultrasound in Medicine (AIUM)
and having a B/A value typical of soft tissue. The peak PII
found in the tissue-mimicking liquid is more than twice that
measured under identical conditions in water (and derated).
Another example is rarefactional pressures measured in such
tissue mimicking liquid and in water (with derating), where
the peak value in the tissue mimicking liquid is found to be
about twice the peak water-derated value. However, there
are two disadvantages in the use of this liquid material and
the open tank measurement method. Firstly, material made
with condensed whole milk has the long term (a few months)
disadvantage that lipid particles collect at upper surfaces,
thus compromising the spatial uniformity of ultrasonic prop-
erties. Secondly, if this liquid is left for long periods (a few
months) exposed to air, desiccation and clumping occur. If
condensed whole milk containing either thimerosal or
1-(cis-3-chlorallyl)-3,5,7-triaza-1-azonia adamantane chlo-
ride as a preservative is stored in a container so that it is
isolated from air, the clumping mentioned does not occur.
Sedimentation of the lipids cannot be avoided, however, and
to assure uniformity of properties after storage of the tissue
mimicking liquid for weeks or months, the liquid must be
vigorously agitated before the tests can be performed.

SUMMARY OF THE INVENTION

In accordance with the invention, a tissue mimicking
material for ultrasound phantoms is provided that has a
speed of sound and ultrasound attenuation that are charac-
teristic of human tissue, and that is well suited to be used for
measuring and calibrating the potential biological effects of
ultrasound equipment. The material provides more realistic
tests of the biological effects of ultrasound equipment than
conventional water based tests. For use in testing biological
effects of ultrasound equipment, the tissue mimicking mate-
rial of the invention is provided in a liquid form having
preferred characteristics at normal room temperature of a
suitable propagation speed characteristic of human tissue
and a constant attenuation coefficient slope. The liquid tissue
mimicking material is stable in its characteristics over
extended periods of time, allowing the material to be utilized
repeatedly over long periods of time to provide comparative
tests of ultrasound equipment, including periodic tests of a
particular medical ultrasound unit to determine changes in
the unit’s characteristics over time.

The liquid tissue mimicking material of the invention
allows ultrasound scanner beam properties to be determined
at arbitrary positions by immersing movable detectors or
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reflectors at various positions in the container of the phan-
tom containing the liquid tissue mimicking material.
Further, phantom test objects may be refilled with materials
mimicking ultrasonically different tissues.

The liquid tissue mimicking material of the invention is
formed of an ultra-filtered aqueous mixture of large organic
water soluble molecules in water that is condensed from
milk. A preservative is generally included in the mixture to
inhibit bacterial invasion. The material is formed of ultra-
filtered skim milk in which the fat content has been reduced
below 1% while total solids are in the range of 10% to 30%.
For use as a material for testing the biological effects of
ultrasound equipment, the tissue mimicking material is
preferably concentrated such that the speed of sound in the
material at 22° C. (typical room temperature) is in the range
of 1460 m/s to 1640 m/s, preferably at approximately 1540
m/s, with an attenuation coefficient slope of about 0.3
dB/cm/MHz. The total fat content of the ultra-filtered milk
forming the material is preferably less than 0.6%, with total
solids preferably about 14% by weight of the material. The
total fat content is selected to be sufficiently low and the size
of the remaining lipid particles sufficiently small that essen-
tially no separation of lipids from the remaining water and
other solid materials occurs over substantial periods of time,
many months to a year or more, so that the functional
ultrasound characteristics of the tissue mimicking material
do not change over time. The maximum diameter of the lipid
particles remaining after ultrafiltration is sufficiently small
so that the lipid particles do not agglomerate, and the lipid
particles remain in suspension over extended periods of
time. Preferably, the average lipid particle diameter is less
than about 0.02 to 0.03 micrometers. It is believed that by
maintaining the total lipids content below about 1%, and by
maintaining the remaining lipid particles below a size of
0.02 to 0.03 micrometers in diameter, the lipid particles
remain in suspension and do not agglomerate into larger
particles which can float by gravity to the surface of the
tissue mimicking material over long enough periods of time.

The tissue mimicking material of the present invention
may also be embodied in a form suitable for use as a
phantom for carrying out performance evaluations on ultra-
sound scanners. In such phantoms, the tissue mimicking
material of the invention may also be in solid form in which
a pure gel forming material is included to form an elastic
solid tissue mimicking material. Solid scatterers and/or test
objects may be added to the solid type of tissue mimicking
material. For use in testing the general performance char-
acteristics of ultrasound scanners, the solid tissue mimicking
material is preferably concentrated such that the propagation
speed is maintained at about 1540 m/sx5 m/s with an
attenuation coefficient slope of about 0.5 dB/cm/MHz.

Further objects, features and advantages of the invention
will be apparent from the following detailed description
when taken in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings:

FIG. 1 is a perspective view of an ultrasound phantom
containing the tissue mimicking material of the present
invention which is suited for use in testing the ultrasonic
performance characteristics of an ultrasound scanner.

FIG. 2 is a cross-sectional view of an ultrasound phantom
similar to that of FIG. 1 showing testing spheres suspended
through solid tissue mimicking material enclosed in the
phantom.

FIG. 3 is a simplified view of a phantom formed of
flexible plastic containing the tissue mimicking material,
with the phantom immersed in a water bath within a con-
tainer.
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DETAILED DESCRIPTION OF THE
INVENTION

The tissue mimicking material of the present invention is
an ultrafiltered aqueous mixture of large organic water
soluble molecules in water with a low concentration residue
emulsion of fatty acid esters (lipids) that is obtained by the
condensation (e.g., by ultrafiltration) of milk and the
removal of lipids from the concentrated milk to below a
level at which the lipids will separate from the other material
over time. A preservative against bacterial invasion is also
preferably included in the material. An organic hydroxy
compound may be included in the material for purposes of
controlling the ultrasonic speed of propagation through the
material. An example of the hydroxy compound is
n-propanol and an example of a preferred preservative is
thimerosal.

The present invention avoids the problem of separation of
lipids from liquid milk-based tissue mimicking material by
reducing the concentration of lipids to below 1% by weight
of the material and preferably to 0.6% or less. It is also
preferred that the size of the lipid particles be reduced to a
diameter at which the lipid particles do not agglomerate and
separate out by gravity, typically in the range of 0.02 to 0.03
micrometers or less. The concentration of total solids in the
concentrated milk, which comprises primarily the water
soluble components, is at least 10% by weight and prefer-
ably in the range of 10% to 30%, for example at 14%. The
solids components of the material are selected to provide the
desired propagation speed and attenuation coefficient slope.
For example, for a liquid tissue mimicking material to be
utilized for testing the biological effects of an ultrasound
scanner, the propagation speed is preferably in the range of
about 1460 to 1640 m/s, with a substantially constant
attenuation slope. Exemplary preferred characteristics of the
material for such purposes are a propagation speed of 1540
m/s+5 m/s and an attenuation coefficient slope of 0.3 dB/cm/
MHz at 22° C. For use of the tissue mimicking material in
a phantom utilized to simulate human tissue for testing the
imaging characteristics of ultrasound scanners, similar con-
ditions are preferred. Exemplary preferred characteristics of
the tissue mimicking material for such purposes include a
propagation speed of 1540 m/s+5 m/s and an attenuation
coefficient slope of 0.5 dB/cm/MHz. In accordance with the
invention, selection of the attenuation coefficient slope can
be obtained by processing the tissue mimicking material to
selectively remove or add components which affect the
attenuation coefficient slope.

The following examples are illustrative of the invention
but are not to be considered as limiting the invention to the
specific examples provided herein.

A tissue mimicking material suitable for testing the bio-
logical effects of ultrasound scanners was produced in the
following manner. A sample of skim milk that had been
concentrated by a factor of 3 by ultra-filtration was obtained
from Diehl, Inc. of Defiance, Ohio. The skim milk was
concentrated by Diehl, Inc. utilizing an ultrafiltration unit
with a 10,000 molecular-weight cut-off. Thus, water and
other molecules of molecular weight less than 10,000 were
removed by this ultrafiltration technique. The fat content of
the sample obtained from Diehl, Inc. was about 1% by
weight, which is about three times the usual fat content in
normal concentration skim milk. One gram per liter of the
preservative 1-(cis-3-chloroallyl)-3,5,7-triaza-1-azonia-
adamantane chloride, was well mixed and dissolved in the
sample. The sample was maintained in a sealed bottle for
about two weeks, during which time a lipid layer formed at
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the top of the liquid. A catheter tube on a syringe was
inserted through the lipid layer, and the liquid under the
liquid layer material was withdrawn through the catheter
from the bottle in a quantity sufficient to make a test cylinder
for measuring ultrasonic properties. The properties, mea-
sured at 22° C. were as follows: ultrasound propagation
speed=1539.7+0.5 m/s; attenuation coefficient=1.36+0.5 at
4.5 MHz and 2.58+0.5 dB/cm/MHz at 8.0 MHz.

The sample was maintained in the test cylinder for five
weeks. At the end of that time, the sample was examined and
no white lipid layer was observed at the top of the sample,
indicating that no more lipid particles were separating by
gravitation effect. Using care not to mix by agitation or
rotation of the sample, it was placed in apparatus for
measuring ultrasonic properties. The following results were
obtained: ultrasound propagation speed=1540.2+0.5 m/s;
attenuation coefficient=1.35+0.5 at 4.5 MHz and 2.5+0.5
dB/cm/MHz at 8.0 MHz. The values for propagation speed
and attenuation coefficient were thus essentially identical to
the values measured in the sample 41 days earlier, verifying
that the material was not changing over this period of time
in ultrasonic properties due to gravitational sedimentation.

Tests were performed on three samples prepared in a
manner similar to that described above to determine total fat
content and total solids content. The average fat content over
the three samples was 0.33% by weight and total solids
content averaged over the three samples was 15.13% by
weight. Fat content was determined via Procedure No.
989.05 (Section 33.2.26) and total solids via Procedure No.
925.23 (Section 33.2.09) in the “Official Methods of Analy-
sis of the Association of Official Analytical Chemists,” 16
edition, 5 revision, 1999, AOAC International,
Gaithersburg, Md.

It is generally important that the pH of the tissue mim-
icking material be kept between 6.6 and 7.0. If the pH is
significantly lower, e.g., 6.1, jelling of proteins can occur
making the material no longer liquid. The pH may be raised
to the desired range utilizing a small amount of NaOH
solution.

The maximum size of the remaining lipid particles was
calculated based on the characteristics of the container in
which the tissue mimicking material is held. The calculation
may be done assuming the exponential variation in concen-
tration with depth, that is, concentration at a height
z=concentration at height O times exp[upward buoyant force
on particle minus gravitational force] times z divided by kT,
where k Boltzmann’s constant and T is the room temperature
in Kelvins. For example, for a container containing 50 cm
height of liquid, in order that the concentration of the fat
particles (specific gravity 0.92) in the liquid tissue mimick-
ing material (specific gravity 1.06) at the top be no more than
e (about 2.72) times the concentration at the bottom, the
maximum average diameter value is found to be about 0.02
to 0.03 micrometers.

In another example of the present invention, tissue mim-
icking material was prepared which has an appropriate
attenuation coefficient slope for use of the material as a low
echo liquid in phantoms for testing the imaging performance
of diagnostic ultrasound scanners. For such applications, the
attenuation coefficient slope generally must be about 0.5
dB/cm/MHz with a propagation speed of 1540+5 m/s at
room temperature (20°-22° C.). Such material is produced
by successive rinsing with water of highly concentrated
skim milk to remove sufficient salts and lactose such that the
speed may be maintained at 1540 m/s (the canonical speed
required by industry in ultrasound phantoms), while raising
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