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Objective. Current determinations of diagnostic ultrasound exposure parameters (eg, peak rarefac-
tional pressure and pulse intensity integral) are intended to correspond to propagation through soft
tissue with a propagation speed of 1540 m/s and attenuation of 0.3 dB ⋅ cm–1 ⋅ MHz–1. These current
measurements are made in water, which has very little attenuation, and a linear derating factor is
applied to approximate 0.3 dB ⋅ cm–1 ⋅ MHz–1 attenuation. The fact that propagation through water
as well as through soft tissue involves nonlinear propagation is not directly addressed. A better way to
determine exposure parameters would be to use a liquid that has the desired tissue-mimicking prop-
erties, including a value of the nonlinearity parameter B/A representative of soft tissue. To be of prac-
tical use in the laboratory, the ultrasonic properties of this liquid must remain stable and spatially
uniform for many months or years without need for periodic mixing by the user. Methods. Fifty-two
samples of fat-free milk that was concentrated to one third of its original volume by ultrafiltration were
created. Each sample was preserved by a different method. The speed of sound, attenuation, and non-
linearity parameter B/A of each sample were periodically monitored by narrowband through-trans-
mission techniques. Results. Six of the 52 samples remained liquid and retained acceptably stable
acoustic properties over 22 months of storage at room temperature. Conclusions. Fat-free milk, con-
centrated via ultrafiltration and preserved in 1 of 6 different methods, has been found to be a stable
tissue-mimicking liquid with acoustic properties appropriate for use in exposimetry. Key words: acous-
tic output; acoustic properties; bovine milk; exposimetry; liquid; tissue mimic. 
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tissue-mimicking (TM) liquid with acoustic
properties that are stable for many months or
years could be useful in ultrasound exposime-
try1 and transducer characterization. To our

knowledge, a TM liquid with acoustic properties that are
stable for more than a few weeks without mechanical agi-
tation to maintain uniformity has not yet been reported
in the literature. Water is used as a propagation medium
for exposimetry and beam characterization studies. The
acoustic properties of water (speed of sound at room
temperature, attenuation, and nonlinearity parameter)
are considerably different from those of soft tissue.
Several recent studies have shown that the use of water
may lead to appreciable errors in values of exposimetry
parameters due to a nonlinear propagation effect2–7 or
the speed of sound not being 1540 m/s.8,9

The current method of quantifying acoustic output is
described in detail in the Acoustic Output Measurement
Standard for Diagnostic Ultrasound Equipment.10 This
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method relies on measurements performed in
water that have a simple correction factor
applied to account for the difference in attenua-
tion between water and soft tissues. The correc-
tion process is known as derating and consists of
multiplying each acoustic pressure value in
water by a factor of e–αdz, where αd is the derating
coefficient and z is the distance between the
source and hydrophone. The recommended der-
ating coefficient corresponds to an attenuation
coefficient slope of 0.30 dB ⋅ cm–1 ⋅ MHz–1; thus,
αd = 0.115 × 0.30 × fc neper ⋅ cm–1 ⋅ MHz–1, where
fc is the center frequency of the pulse and the fac-
tor 0.115 is the conversion factor from decibels to
amplitude neper. This value of the derating coef-
ficient is less than that of the attenuation coeffi-
cient in most soft tissues (other than cases such
as obstetric scanning through the full bladder)
and was chosen to give conservative estimates of
the in situ output parameters. That is, the derat-
ing method should produce acoustic pressure
values that are greater than corresponding values
in actual tissue. Computation of acoustic output
parameters reported in response to US Food and
Drug Administration requirements (eg, intensity
values, thermal indices, and the mechanical
index) are based on derated acoustic pressure
values. 

The derating process assumes a linear pulse
propagation model for the ultrasound beam.
That is, nonlinear aspects of sound propagation
are ignored. It is known that nonlinear propaga-
tion effects can be substantial in many diagnos-
tic situations.11–13 Several numerical studies have
addressed the effect that nonlinear propagation
has on measurements of acoustic output.3–7 In
general, these studies have concluded that non-
linear propagation effects can cause the derating
procedure to produce acoustic output values
that are appreciably less than the corresponding
values in tissue or TM material. A TM liquid
would allow positioning of the monitoring
hydrophone anywhere in the ultrasound field
while offering tissuelike speed of sound, attenua-
tion, and nonlinear propagation, thus eliminat-
ing the need to derate the measured values and
avoiding the associated errors.14 For practical
use, it is necessary that such a liquid have acous-
tic properties that are stable over a long time
span (many months or years) to ensure that
acoustic output parameter measurements are
repeatable. Ideally, such a liquid would require
minimal interactions to maintain that stability;

for example, no need should exist to periodically
agitate the liquid or monitor its acoustic proper-
ties.

In recent years, concentrated whole bovine
milk has been used as the absorbing component
in both solid and liquid TM materials.14 Such
materials can be made with very low scatter, a
speed of sound of 1540 m/s, and an attenuation
coefficient that is nearly proportional to frequen-
cy with a slope between 0.3 and 0.7 dB ⋅ cm–1 ⋅
MHz–1. One previous work on the accuracy of the
derating process used a TM liquid produced in
this manner.2 In this study, a TM liquid consisting
of 36.3% evaporated whole milk, 60.7% deion-
ized water, and 3.0% n-propanol, preserved with
1-g/L thimerosal (hereafter referenced as
TM1999) was used to obtain acoustic output
measurements. The average attenuation coeffi-
cient slope was 0.27 dB ⋅ cm–1 ⋅ MHz–1, with a
speed of sound of 1526 m/s and nonlinearity
parameter B/A of 5.7. With the use of a derating
coefficient factor corresponding to 0.27 dB ⋅ cm–1

⋅ MHz–1, this study found appreciable differences
between acoustic output parameters measured
in the TM liquid and the corresponding derated
values obtained in water. The values of the pulse
intensity integral (PII) and peak rarefactional
pressure (pr) measured in TM liquid were up to
twice the derated values obtained in water. The
authors concluded that the derating process
does not always generate conservative estimates
of the acoustic output parameters. However, they
observed that the acoustic properties of the TM
liquid could change over several days or a few
weeks as a result of the lower-density lipid parti-
cles rising to the surface of the liquid. The reduc-
tion in the lipid component in the bulk of the
liquid resulted in a considerable decrease in the
attenuation coefficient. Therefore, it was neces-
sary to mix the material periodically to maintain
uniformity. The need for mixing limits the practi-
cal usefulness of the liquid as a standard materi-
al for exposimetry.

Another possible TM material that could be
used for exposimetry studies is a “psuedoliquid”
material described by Chin et al15 (referred to as
TM1990). This material consists of mass-pro-
duced millimeter-sized graphite-in-agar spheres
kept in an aqueous 10% n-propanol solution.
The spheres are closely packed in the aqueous
solution, the downward net force on each sphere
being about 1/20 of its weight (gravitational minus
buoyant force). The material can also be
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described as a “slurry.” This material has the dis-
advantage that there can be slight but notable
variations in the received signal because of ran-
dom small spatial variations in attenuation and
small refraction effects. 

There is a need for a stable TM liquid that could
be used for exposimetry and beam profile deter-
minations instead of water. The ideal TM liquid
for exposimetry studies would have acoustic
properties at room temperature that include a
speed of sound of 1540 m/s, an attenuation coef-
ficient slope of 0.3 dB ⋅ cm–1 ⋅ MHz–1, and nonlin-
earity parameter B/A in the range of commonly
imaged soft tissues (≈6.5–8.5 for nonfatty soft tis-
sues and 9.5–11 for fatty tissues).16,17 The acous-
tic properties should not change appreciably for
months or even years, allowing for measure-
ments over this period with minimal mainte-
nance. In this work, we report a procedure for the
production of such a TM liquid.

Physical and Chemical Properties of Bovine
Milk
Bovine milk has several unique physical and
chemical properties that are relevant to its use in
the creation of a stable TM liquid. These proper-
ties are summarized in a variety of texts, includ-
ing work by Walstra et al.18 Whole milk is
composed of water (on average, 87.1% by
weight), lactose (4.6%), lipids (4.0%), protein
(3.3%), and various mineral substances, organic
acids, and other miscellaneous materials (1.0%).
Essentially all the lipids present in milk are found
in fat globules, microscopic particles that are 0.1
to 10 µm in diameter and have a density of
0.92 g/mL. Skim milk (also known as fat-free
milk) may contain up to about 0.2% fat by weight
in the United States. Most of the protein in milk
(80%) is in the form of casein micelles, which are
particles with diameters between 10 and 600 nm.
The diameter distribution of the micelles is very
asymmetric and has a volume surface average
diameter of 100 nm.18 Considerable portions of
the peptide chains protrude from the surface of
the micelle, resulting in an appearance some-
what like a sphere with hairs on it. Micelles are
loosely packed and contain much water, about
4.4 g of water per gram of protein, and have a
density of about 1.07 g/mL. There are approxi-
mately 1014 casein micelles per milliliter of milk
with a volume fraction in whole milk of about
10%. The remaining 20% of protein in milk con-
sists of serum proteins that are present as very

small aggregates or in molecular form and that
are 3 to 6 nm in diameter. The material that
remains after removal of the fat globules and
casein micelles is known as milk serum. Fat glob-
ules readily rise to the surface of milk because of
the much lower density of fat globules than the
milk serum and the relatively large size of the fat
globules. Conversely, casein micelles have a
much smaller diameter, and the density differ-
ence between them and milk serum is not as
great. Thus, casein micelles will typically stay in
suspension, with thermally induced convection
currents and brownian motion being sufficient
to keep them from forming a sediment at the
bottom of the milk. 

The speed of sound and attenuation coefficient
of milk are well known. Heuter et al19 observed
that the attenuation coefficient of whole bovine
milk between 0.2 and 40 MHz is nearly propor-
tional to frequency, with a value approximating
that of homogenized liver in the range of 2 to
10 MHz. Heuter et al19 also found that the attenu-
ation coefficient of fat-free milk is about half the
attenuation coefficient of whole milk and con-
cluded that the casein micelles must be responsi-
ble for the observed attenuation of fat-free milk. A
more detailed analysis of the attenuation coeffi-
cient of fat-free milk directly measured the atten-
uation coefficient due to the presence of casein
micelles and reached the same conclusion.20

One potential problem with using milk as a TM
liquid is its inherent instability. Any microbiolog-
ical contamination will quickly result in spoilage
at room temperature.18 Therefore, some method
of preserving the liquid from microbes is neces-
sary. Additionally, there is a process known as age
gelation that can cause milk to separate into a
semisolid mass of protein and a clear liquid over
several weeks or months.21 This process is dis-
cussed in depth in several publications, includ-
ing many texts on dairy science such as that by
Fox22 and in a review of the subject performed by
Datta and Deeth.23 Age gelation is not related to
bacteriologic contamination but is thought to be
related to some residual enzymatic activity that
facilitates aggregation of the caseins. Milk may
be stored for many weeks or months without any
change. However, once the process of age gela-
tion begins, it is usually only a few days until a
solid gel is formed and the process is irreversible.
Several factors affect the time until the onset of
gelation. Age gelation occurs sooner in concen-
trated milk than in nonconcentrated milk.21 It
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also occurs sooner in fat-free milk than in whole
milk and occurs sooner in milk stored at room
temperature rather than in milk that is kept cold
(≈4°C) or warm (between 35°C and 40°C).23

Age gelation could severely limit the useful-
ness of milk as a TM liquid. There are several
treatments that can substantially delay the
onset of gelation, that is, reduce the suscepti-
bility of the caseins to aggregate during storage.
A severe heat treatment, for example, autoclav-
ing at 120°C for 15 minutes, delays the onset of
gelation considerably by up to 2 years.23,24 This
delay is probably due to denaturation of the
enzymes responsible for gelation. This method
is not regularly used by the dairy industry
because it causes appreciable changes in the
appearance and flavor of the milk. There have
also been numerous studies on the use of vari-
ous additives to delay the onset of gelation.25 In
particular, the addition of several grams of
sodium polyphosphate per gram of protein
present in milk delays gelation by many
months.26 Another method is the addition of
6-amino-n-hexanoic acid, a known plasmin
inhibitor.27 These methods (heat treatment and
use of additives) have been used to delay the
onset of gelation, but no method has been
found that entirely prevents it from occurring.
The production of any TM liquid that incorpo-
rates the use of milk must contain some mech-
anism of delaying the onset of gelation for
many months and also must preserve the milk
from microbiological contamination.

Practical Considerations
There are 2 practical considerations regarding
use of the TM liquid in making exposure mea-
surements. First, the liquid should be enclosed
to prevent desiccation and direct contact with
air. Desiccation of the liquid will cause the
acoustic properties to change over time as the
water content decreases. Additionally, if the liq-
uid were in direct contact with air, there could
be reactions of the milk components with oxy-
gen. Second, it may be advantageous that the
monitoring hydrophone not be in direct con-
tact with the TM liquid because of unknown
effects of substances such as preservatives and
proteins on the materials composing the
hydrophone. MacDonald and Madsen2 directly
immersed the hydrophone in TM1999 and
noted a degradation of the hydrophone
response function.

An exposure apparatus has been constructed in
our laboratory in which the TM liquid is enclosed
in a flexible sack constructed of 100-µm-thick
plastic-coated aluminum foil. Diagrams depict-
ing essential elements of the apparatus are
shown in Figures 1 and 2. Well-characterized
transmission windows in the sack allow the inter-
rogated ultrasound beam to enter and exit the
sack. A membrane hydrophone can be posi-
tioned just beyond one of these windows.
Because of the flexibility of the sack, the axial dis-
tance between source and hydrophone can be
varied from 1.5 to 25 cm. Additionally, the
hydrophone can be translated in the directions
perpendicular to the axis of the ultrasound beam
(lateral and elevational) by ±10 cm throughout
the axial range of motion. This apparatus will be
described in detail in a subsequent article along
with exposure data for numerous diagnostic
scanner configurations. 

Materials and Methods 

Production of Concentrated Fat-Free Milk
To avoid the problem of milk lipid globule sedi-
mentation observed by MacDonald and
Madsen2 with the use of TM1999 in exposimetry
studies, it is desirable to attempt to use a materi-
al without such particles. Fat-free milk contains
very little lipid and is a candidate for use as a TM
liquid. However, previous measurements of the
speed of sound and attenuation of fat-free milk
have shown that the values of these acoustic
properties in fat-free milk are appreciably less
than the desired values. The speed of sound of
fat-free milk is about 1520 m/s, and the attenua-
tion coefficient has a nearly linear dependence
on frequency with a slope that is approximate-
ly 0.1 dB ⋅ cm–1 ⋅ MHz–1. Previous work showed
that the attenuation coefficient and speed of
condensed whole milk are much greater than
those of single-strength whole milk (0.8 dB ⋅
cm–1 ⋅ MHz–1 and 1547 m/s versus 0.4 dB ⋅ cm–1 ⋅
MHz–1 and 1518 m/s, respectively).14 The acous-
tic properties of commercially available concen-
trated fat-free milk were measured in our
laboratory, and it was found that both the speed
of sound and attenuation coefficient are not
within the desired ranges; the speed of sound is
about 1570 m/s, considerably greater than
1540 m/s, and the slope of the attenuation coef-
ficient is about 0.2 dB ⋅ cm–1 ⋅ MHz–1. One cause
of this high speed of sound is that commercial
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fat-free milk is generally produced by removing
essentially only water by evaporation or reverse
osmosis; thus, the concentrations of lactose and
salts present in milk are increased. It is known in
general that the presence of such solutes increas-
es the speed of sound of the material; for exam-
ple, the speed of sound in seawater is higher than
that in distilled water. Because both the speed of
sound and attenuation coefficient are outside
the desired range, commercially available con-
centrated fat-free milk is not a viable TM liquid
for use in exposimetry. 

An alternative is to concentrate fat-free milk
by ultrafiltration. Ultrafiltration is a pressure-
activated membrane process for the separation
of solutes based on size. It operates in a manner
similar to that of the better known process of
reverse osmosis. The difference between ultrafil-
tration and reverse osmosis involves the diame-
ter of the membrane pores (ultrafiltration,
1–100 nm; reverse osmosis, 0.1–1 nm).28,29 The
material that flows through the membrane is
known as the permeate, and the material that
does not is known as the retentate. The retentate
will contain almost all the particles larger than
the size of the pores in the membrane that were
present in the original substance.

The size of the pores is usually specified in
terms of molecular weight cutoff, which provides
an estimate of the largest molecule that will pass
through the membrane pores. For example, with
a 10,000–molecular weight cutoff ultrafilter,
almost all casein micelles will be retained,
whereas smaller molecular proteins, lactose, and
ionic salts will have approximately the same con-
centrations in the retentate as in the permeate.
As noted by Renner and Abd El-Salam,29 because
of binding to macromolecules, some salts and
ions may be more concentrated in the retentate
than the original liquid. For example, much of
the calcium in bovine milk is bound within the
casein micelles and thus will be retained along
with the micelles.

A typical method of using an ultrafiltration sys-
tem is to continuously feed the retentate back
into the supply going to the membrane, allowing
the two to mix. This method allows for the mate-
rial to make many passes through the mem-
brane until a predetermined concentration has
been reached. Fat-free milk that is concentrated
by a factor of 3 by ultrafiltration (ie, processed
through the ultrafiltration system in this way
until the volume of the retentate equals one third

of the original volume) should have its attenua-
tion coefficient increased to about 0.3 dB ⋅ cm–1 ⋅
MHz–1, primarily because of the increase in the
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Figure 1. Schematic representation of an exposure apparatus using the TM liquid.
Thin strips of flexible plastic are located within the sack to prevent the sack from
interfering with the acoustic beam

Figure 2. Diagram showing how the sack and hydrophone are positioned relative
to one another.



concentration of casein micelles. Furthermore,
because the process of ultrafiltration will not
increase the concentration of lactose and salts, but
only high–molecular weight proteins, the speed of
sound of milk concentrated by ultrafiltration
should be less than that of commercially available
concentrated fat-free milk. Fat-free milk purchased
from a grocer was concentrated by a factor of 3 in an
ultrafiltration system with a 10,000–molecular
weight membrane filter (FlexStand  bench top pilot
system with a UFP-10-C-55 filter; A/G Technology
Corporation, Needham, MA). With this system, 36 L
of fat-free milk could be concentrated to 12 L in
about 4 hours. 

Acoustic Properties of the Initial Sample
A sample of this liquid was prepared, and its
acoustic properties were measured according to
the procedure detailed in the following section.
This initial sample was preserved with 0.5-g/L
thimerosal with no additional measures to mini-
mize age gelation. The results of attenuation
coefficient measurements at 22°C and at several
frequencies (2.25, 4.5, 6.5, and 8.0 MHz) for both
single-strength and concentrated fat-free milk
are shown in Figure 3. For reference, also shown
in Figure 3 is a line corresponding to 0.3 dB ⋅ cm–1

⋅ MHz–1. The attenuation coefficient of concen-
trated fat-free milk is very close to 0.3 dB ⋅ cm–1 ⋅
MHz–1 over the range of frequencies commonly
used in diagnostic ultrasonography. The speed of
sound of the material was measured to be
1541 ± 1 m/s at 22°C. The B/A of this material was
measured to be 7.2. The power law fit to the

attenuation coefficient measurements yielded
values of 0.25 f 1.11 dB ⋅ cm–1 ⋅ MHz–1.11, yielding an
average attenuation coefficient slope (attenua-
tion coefficient divided by frequency) of
0.30 dB ⋅ cm–1 ⋅ MHz–1 between 2 and 10 MHz. 

Trial Methods for Producing Long-term
Stability
To determine methods to prevent age gelation
and microbiological contamination, a trial study
was performed. The 3 techniques used in delaying
age gelation mentioned above (autoclaving, sodi-
um polyphosphate, and 6-amino-n-hexanoic
acid) were combined with 13 antibacterial agents
(preservatives) to produce a collection of 52 com-
binations of preservation and age gelation preven-
tion methods. (One subset of the 52 involved each
preservative with no other means to prevent age
gelation.) The various preservatives are given in
Table 1. The preservatives include several well-
known agents: formalin, bleach, and n-propanol,
whose concentrations were chosen on the basis of
previous work in our laboratory. Additionally, 2
widely used food preservatives, sodium benzoate
and methylparaben, were used, as well as a com-
bination of n-propanol and methylparaben. The
concentrations of sodium benzoate and methyl-
paraben were chosen to be consistent with what
has been shown to be effective in dairy products.30

One preservative has the trade name Broad
Spectrum Microtabs II (D & F Control Systems,
Inc, Dublin, CA) and is a compound often used in
the dairy industry to preserve test samples during
shipment to a state or regional laboratory. It is a
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Figure 3. Attenuation coefficient at several frequencies for fat-free milk (dotted)
and 3× concentrated fat-free milk (solid). Also shown for reference is the line cor-
responding to 0.3 dB ⋅ cm–1 ⋅ MHz–1 (dashed).

Table 1. List of Trial Preservatives and Their Concen-
trations Used for Long-term Stability Assessment

Broad Spectrum Microtabs II (400-mg/L bronopol, 15-mg/L
natamycin)

50-mg/L thimerosal

100-mg/L thimerosal

50-mg/L thimerosal with 250-mg/L chlorhexidine digluconate

100-mg/L thimerosal with 250-mg/L chlorhexidine digluconate

3-g/L sodium benzoate

2-g/L methylparaben

5-g/L chlorobutanol

100-mg/L benzalkonium chloride

5% vol/vol n-propanol

5% vol/vol n-propanol with 3 g/L sodium benzoate

5% vol/vol bleach

5% vol/vol formalin



combination of bronopol (400 mg/L) and
natamycin (15 mg/L). Two low concentrations of
thimerosal, 0.1 and 0.05 g/L, were used to deter-
mine whether such low concentrations might still
preserve the liquid but be low enough that they
are not harmful to their surroundings. Two of the
preservatives had these same low concentrations
of thimerosal plus 0.25-g/L chlorhexidine diglu-
conate. Thimerosal and chlorhexidine have been
used together in similar concentrations in contact
lens solution.31

The basic TM liquid used to test the above com-
binations was produced as described above by
ultrafiltration; however, the concentration of the
fat-free milk was increased to about 3.5× instead
of 3×. Because the likelihood of age gelation
increases with increases in milk solid concentra-
tion, this base trial material ensures that, if long-
term stability is found for some combination of
antibacterial agent and age gelation prevention
technique, then long-term stability should exist
for lesser concentrations of milk solids. Because of
the higher-than-needed concentration of milk
solids, the average attenuation coefficient slopes
and propagation speeds measured for the trial
materials are generally higher than 0.3 dB ⋅ cm–1 ⋅
MHz–1 and 1540 m/s, respectively. These values
can be reduced by dilution with distilled water.

With the use of the ultrafiltration system
described above, 12 L of fat-free milk concentrat-
ed by a factor of 3.5 was produced. This liquid
was divided into 4 groups that had different age
gelation prevention strategies applied to them,
including no age gelation strategy. The 3 groups
that would not be autoclaved were further sepa-
rated into small batches, and the preservatives
were added to them and then placed into a sam-
ple cylinder. The remaining liquid was auto-
claved at 120°C for 15 minutes (not including the
necessary time for the autoclave to achieve this
temperature or the time needed for the dissipa-
tion of the heat). Then the autoclaved liquid was
cooled in a water bath until it reached room tem-
perature. The liquid was then passed through a
sieve with 100-µm openings. Finally, the auto-
claved liquid was subdivided, preservatives were
added, and sample cylinders were filled. 

Method of Measurement of Acoustic
Properties
The sample containers and procedure for speed
of sound and attenuation measurements have
been described in detail previously.14 The speed

of sound, attenuation coefficients, and B/A are
measured by through-transmission narrowband
techniques. In this section, we present overviews
of the speed of sound and attenuation coeffi-
cient measurement procedures and a detailed
description of the procedure for measuring the
nonlinearity parameter B/A.

Samples 
Samples of all prospective TM liquids were con-
tained in optically transparent cylindrical acrylic
rings that were 2.5 cm long and had an inner
diameter of 7.6 cm and 6 mm wall thickness. A
sheet of 25-µm-thick Saran Wrap plastic film
(Saran Film 18; Dow Chemical, Midland, MI) was
glued over each end of the cylinder. These sheets
act as acoustic windows, allowing the transmis-
sion of ultrasound pulses through the sample. An
unattached red 6-mm-diameter acrylic sphere
was included with the TM liquid in each sample
to test for onset of gelation because the sphere
will be immobile if gelation occurs. Care was
taken throughout the duration of this study to
avoid agitation of the sample materials; sample
cylinders were always stored in the same orien-
tation when not in use, with minimal movement
between the storage container and apparatus for
measuring acoustic properties. The samples
were stored in an airtight container with high
humidity to minimize diffusion loss of water
through the Saran Wrap. The storage containers
were shielded from exposure to ambient light to
prevent interaction of light with sample preser-
vatives. (Some preservatives tested in this study
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Figure 4. Experimental setup for speed of sound, attenuation coefficient, and B/A
measurements.



are known to be sensitive to ultraviolet light.) The
samples were stored at room temperature for the
entire duration of the experiment. All measure-
ments of acoustic properties were conducted at
22.0°C ± 0.1°C. The density of each liquid sample
was measured at the time of its production with
a calibrated set of hydrometers (Fisher Scientific
Company, Pittsburgh, PA).

Speed of Sound
The speed of sound of a sample is determined by
the change in time of flight between 2 transduc-
ers immersed in water when the sample is insert-
ed between them. The experimental setup
(Figure 4) consists of a water tank, a Wavetek
model 81 function generator (Fluke Corporation,
Everett, WA), an Amplifier Research (Souderton,
PA) model 75A250 RF power amplifier, a LeCroy
(Chestnut Ridge, NY) 9410 digital storage oscillo-
scope, and several pairs of unfocused transduc-
ers (GE Panametrics, Waltham, MA; and KB
Aerotech [now GE Inspection Technologies],
Lewistown, PA) with various center frequencies.
The function generator creates a low-amplitude
sinusoidal voltage signal of 30 cycles at a specific
frequency, which is amplified and sent to a trans-
mitting transducer. The signal detected by the
receiving transducer is displayed directly on the
oscilloscope, which is triggered with a pulse from
the function generator that is synchronous with
the start of the output voltage pulse.

The time necessary for a narrowband pulse to
travel through water from the transmitting trans-
ducer to the receiving transducer is compared
with the time needed when part of the water is
replaced by the sample. Neglecting the small
phase shift induced by the Saran window, the
speed of sound in the sample is given by

(1)

where cw is the speed of sound in pure water
(1488.3 m/s at 22.0°C)32; ∆t is the observed time
shift; and d is the thickness of the sample. The
sample thickness was measured with machinist’s
calipers. The time shift of a zero-crossing near the
center of the pulse was measured with the digital
oscilloscope’s cursor measurement feature. 

Attenuation Coefficient
Attenuation is determined by measuring the
ratio of the amplitude of the received signal with

and without a sample present. The experimental
setup is the same as that used for measuring
speed of sound. However, in this case, the effect
of the Saran windows on amplitude can be quite
substantial; thus, any attenuation measurement
must correct for this effect. The attenuation coef-
ficient (in decibels per centimeter) is given by 

(2)

where A0 is the amplitude measured without a
sample present, and A is the amplitude with a
sample present. Ttotal is the frequency-dependent
total transmission coefficient, defined as the
pressure amplitude transmission coefficient for
the pulse passing from water through the Saran
Wrap and into the sample material multiplied by
the pressure amplitude transmission coefficient
for the pulse going from the sample material
through the Saran Wrap back into water. The
pressure amplitude transmission coefficient
through a thin layer for plane, sinusoidal acous-
tic waves is given by 

(3)

where Z1, Z2, and Z3 are the acoustic impedances
of the initial material, thin layer, and final mate-
rial, respectively; k2 is the wave number in the
layer, l is the thickness of the layer; and j is the
square root of –1.33 Because there are 2 layers of
Saran Wrap present, one at the entrance and one
at the exit of the sample, the total amplitude
transmission coefficient is the product of the
transmission coefficient from water to the sam-
ple and from the sample to water; that is, 

(4)

where Zw is the acoustic impedance of water; Zs is
the acoustic impedance of the sample; ZSaran is
the acoustic impedance of Saran Wrap; l is the
thickness of the Saran Wrap window; and kSaran is
the wave number of the ultrasound beam in the
Saran Wrap. Note that the total transmission
coefficient Ttotal is real valued even though the
individual amplitude transmission coefficients
are complex. The acoustic impedance is the
product of the physical density of a material and
its speed of sound. The density of Saran Wrap, as
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measured in our laboratory, was found to be 1.69
g/mL, which agrees with the nominal value pro-
vided by Dow Chemical. Previous measure-
ments of the transmission coefficient of Saran
Wrap at our laboratory have yielded a sound
speed of 2500 ± 50 m/s. At the frequencies used
for these experiments (2–8 MHz), the attenua-
tion of water is negligible, and its effect was not
included. Attenuation values were recorded at
multiple frequencies, and the results were fit to a
“power law” model, α = α0f n, where f is the fre-
quency in megahertz, and α0 and n are constants
determined by the fit.

Nonlinearity Parameter B/A
The nonlinearity parameter B/A was measured
by the finite amplitude insert substitution tech-
nique.17 The setup is similar to that used for
speed of sound and attenuation except that the
transducers are placed close together (≈6 cm
apart), and a receiving transducer that is sensi-
tive to the second harmonic of the transmitting
transducer is used. For these measurements, a
2.25-MHz center frequency transmitting trans-
ducer (model V306; Panametrics, Inc, Waltham,
MA) and a 5.0-MHz receiving transducer (model
V309; Panametrics, Inc) were used. The received
waveform was transferred to a personal com-
puter via general purpose interface bus and
analyzed in Mathematica (Wolfram Research,
Inc, Champaign, IL) to calculate the amplitude
of the second harmonic by Fourier analysis. A
waveform was recorded with a sample located
very close to the receiver, and the amplitude of
its second harmonic was calculated. A second
waveform with a sample cylinder containing
degassed distilled water was also recorded, and
the amplitude of its second harmonic was cal-
culated. The B/A of the sample is given by

(5)

where p2,s is the second harmonic magnitude
with the sample in place; p2,w is the second har-
monic amplitude with the reference sample in
place; L is the distance between the 2 transduc-

ers; d is the thickness of the sample; and α1 and
α2 are the attenuation coefficients of the sample
at the first and second harmonic frequencies,
respectively. (B_A)w is the nonlinearity parameter of
water, which is 5.2. T1 and T2 are the transmission
coefficients from water to the TM material and
from the TM material to water, respectively.
Because we use a second cylinder filled with
water for the reference waveform, the effect of
the Saran windows largely cancels, leaving the
standard two medium transmission coefficients
given by

(6)

F(k,r1,r2) is a correction factor for diffraction
effects, where k equals kw or ks is the wave num-
ber in water or TM material, respectively, and r1
and r2 are two distances from the source. This
correction factor uses approximate analytical
formulas for the second harmonic from a piston
source averaged over a phase sensitive receiver
of the same size. F is given by

(7)

where

(8)

and a is the radius of the active area of the source
(and receiver). Note that there are several typo-
graphical errors in the equations in the article by
Gong et al.17 The correct forms are given by Shi
and Gong34 and are shown above as Equations 5
and 7.

Uncertainty Analysis
Uncertainties in measured values of attenuation
coefficients and speeds of sound were essential-
ly entirely systematic; that is, random errors cor-
responding to reproducibility were negligible in
comparison.

The uncertainty in the speed of sound can be
estimated by standard propagation of instru-
mental uncertainties35 in the thickness of the
sample and time shift of the received signal. For
the samples considered here, a conservative esti-
mate of the uncertainty in sample thickness was
taken to be twice the vernier increment of the
vernier calipers, namely, 2 × 0.1 mm = 0.2 mm.
The uncertainty in the time shifts was taken to be
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5 nanoseconds, consistent with the specifica-
tions of the oscilloscope. Propagation of these
errors yields an uncertainty in speeds of sound of
less than 1 m/s for all samples considered in this
work. Note that all the samples are very close to
2.5 cm thick and have time shifts that vary by less
than a factor of 2.

Likewise, the uncertainty in values of attenua-
tion coefficients can be estimated with the use of
the instrumental uncertainties in measure-
ments of the sample thickness and amplitudes
of received waveforms with and without the
sample in place. The amplitudes with and with-
out a sample present can be measured to within
3% as specified for the calibrated oscilloscope.
Propagation of these uncertainties yields the
uncertainty estimate in the attenuation coeffi-
cient for all samples under consideration in this
work. Fits of attenuation coefficient values to a
power law model also included uncertainties for
the fitting parameters.36

Two potential systematic errors in speed of
sound and attenuation measurements, viz non-
linear propagation and diffraction effects, were
minimized. The effect of nonlinear propagation
was minimized with the use of a source signal
with the smallest possible amplitude that
allowed for a sufficient signal-to-noise ratio of
the attenuated waveform. To verify that the
amplitudes used were sufficiently small, several
samples were measured again at 2 and 4 times
the driving amplitude initially used with no
change observed in the measured speed of
sound or attenuation coefficients. Refraction
effects (the possibility of the sample acting as a
lens) are very small because the sound speed in
the samples is only a few percent different than
that of the reference medium and because the
samples are carefully constructed to have nearly
flat parallel boundaries. Diffraction effects are
negligible because the sample cylinders are large
enough to include essentially the entire ultra-
sound beam. This was verified by measuring
several samples with the sample cylinder locat-
ed at various distances from the transmitter (eg,
close the transmitter, halfway between the
transmitter and receiver, and close to the receiv-
er) with no appreciable change.

It is difficult to estimate the uncertainty of the
measurements of the nonlinearity parameter
B/A. Gong et al17 give few details regarding the
uncertainty associated with their method of
measurement, only quoting an estimated uncer-

tainty of 8% for liquid samples and stating that
much of this is due to uncertainty in the thick-
ness of the sample. Detailed propagation of
errors on an equation as complicated as that for
B/A would be difficult, and the result may offer
few benefits. One alternative is to estimate ran-
dom errors via repeated measurements using the
same sample. We used several “standard” sam-
ples of materials that have been investigated by
other researches, including ethylene glycol and
corn oil. Repeated measurements on these sam-
ples yielded values that were within 10% of each
other and of published values for those materials.
Therefore, the uncertainty of the B/A values is
estimated to be about 10%. 

Results 

Of the 52 combinations of preservation and age
gelation prevention measures, 21 failed (either
spoiled or gelled) within 2 days of production
and were discarded. The speed of sound at 5.0
MHz and attenuation coefficients over a range of
diagnostic frequencies of the 31 remaining com-
binations were measured at 22.0°C within 3 days
of production. The results of these initial mea-
surements at 5.0 MHz are listed in Table 2. Also
listed in this table are the acoustic properties of a
sample with no preservatives for comparison
with the properties of preserved samples. The
final column of this table lists the number of
months that each of these 31 samples survived
before either the onset of age gelation (evidenced
by immobility of a small red acrylic sphere pre-
sent in each sample) or spoilage of the sample
(evidenced by the appearance of gas within the
sample cylinder).

A sample of the nonpreserved concentrated fat-
free milk was sent to the University of Wisconsin
Dairy Research Center for component analysis.
The results of this analysis, along with values typ-
ically found in nonconcentrated fat-free milk, are
given in Table 3. The results show an increase in
protein content much greater than typically
found in single-strength fat-free milk, whereas
the lactose content is the same as in single-
strength fat-free milk. This increase in protein
concentration, although leaving the concentra-
tion of lactose and other solutes unchanged, is
the key to using ultrafiltration to produce a TM
liquid from fat-free milk because it ensures ade-
quate attenuation without increasing the speed
of sound to greater than 1540 m/s.
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Only 8 of the initial 31 samples were still viable
(remained liquid and showed no evidence of
bacterial invasion) after a total of 22 months of
storage at room temperature. Three of these 8
contained thimerosal and had been autoclaved;
2 contained 5% vol/vol n-propanol and had
been autoclaved; and 3 contained 5% vol/vol for-
malin and had no age gelation prevention strate-
gy, had been autoclaved, or contained 2.4-g/L
sodium polyphosphate.

To assess the stability of the ultrasonic proper-
ties of the samples, occasional measurements
(about every month) of the speed of sound and
attenuation at 5.0 MHz were conducted. Results
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Table 2. Initial Acoustic Properties at 5.0 MHz for Various Preservative and Age Gelation Prevention Combinations of
Samples Measured Within 2 Days After Creation

Initial Acoustic Properties at 5.0 MHz Months Until
Age Gelation α/f, dB ⋅ cm–1 ⋅ Spoilage (s) 

Preservative Prevention c, m/s ± 1 α, dB/cm ± 0.10 MHz–1 ± 0.02 or Gelation (g)

None None 1548 1.82 0.36 None
Broad Spectrum None 1548 1.82 0.36 4 g
Microtabs II A 1552 2.25 0.45 6 s

B 1556 1.84 0.37 7 g
C 1562 1.85 0.37 4 s

50-mg/L thimerosal None 1549 1.71 0.34 1 g
A 1552 2.17 0.44 >22

100-mg/L thimerosal None 1549 1.77 0.35 1 g
A 1552 2.22 0.44 >22

50-mg/L thimerosal with None 1550 1.72 0.34 1 g
250-mg/L chlorhexidine A 1552 2.21 0.44 >22
digluconate

100-mg/L thimerosal with None 1550 1.79 0.36 1 g
250-mg/L chlorhexidine A 1551 2.19 0.44 10 s
digluconate

3-g/L sodium benzoate None 1551 1.82 0.36 2 g
A 1554 2.19 0.44 6 s

2-g/L methylparaben None 1548 1.96 0.39 1 g
A 1553 2.30 0.46 1 g

5-g/L chlorobutanol None 1548 1.84 0.37 5 g
A 1552 2.27 0.45 1 g
B 1554 1.86 0.37 2 g
C 1560 1.90 0.38 2 g

5% vol/vol propanol None 1578 1.94 0.39 5 g
A 1580 2.43 0.48 >22
B 1581 1.87 0.37 5 g

5% vol/vol propanol with 3-g/L None 1580 1.94 0.39 7 g
sodium benzoate A 1583 2.47 0.49 >22

B 1585 1.95 0.39 6 g
5% vol/vol bleach None 1552 1.56 0.31 1 s

A 1556 1.99 0.40 2 g
5% vol/vol formalin None 1555 2.31 0.46 >22

A 1559 2.62 0.52 >22
B 1556 2.46 0.49 >22

Combinations not listed failed within 48 hours of production. Age gelation prevention strategies: A indicates autoclaved for 15 minutes
at 120°C; B, 2.4-g/L sodium polyphosphate; and C, addition of 13-g/L 6-amino-n-hexanoic acid. Also listed are the properties of an unpre-
served sample and the time each sample survived before spoiling or forming a gel.

Table 3. Fat-Free Milk and TM Liquid Components

3.5× Concentrated
Component Fat-Free Milk, % wt/wt Fat-Free Milk, % wt/wt

Lipids <0.2 0.4
Protein 3.5 11.0
Lactose 4.8 4.3

Percentages by weight of lipids, proteins, and lactose in fat-free milk (average
values taken from Walstra et al, 199918) and in the fat-free milk concentrated
3× by ultrafiltration in our laboratory are shown. Values in the 3× fat-free milk
were measured at the University of Wisconsin-Madison Dairy Research Center.



of periodic monitoring of speed of sound and
attenuation coefficient at 5 MHz and 22°C for the
8 samples that survived 22 months are shown in
Figures 5–7. Additionally, at 2 times, 4 and 20
months after production, the attenuation coeffi-
cients of all surviving samples were measured at
several frequencies, and the results were fit to a
power law model. The results of these power law
fits, along with the initial measurements per-
formed within 3 days of production for the 8
samples that survived more than 22 months, are
listed in Table 4, along with the nonlinearity
parameter B/A.

In Table 5 are shown results of linear curve fit-
ting to the attenuation data of Figures 5–7. The
right column shows the percent change over a
2-year period implied by the curve fitting.

Discussion

Development of a TM Liquid
A TM liquid has been developed for use in deter-
mining values of exposure parameters. The liq-
uid, which is based on fat-free milk concentrated

by ultrafiltration, can be made to exhibit at 22°C a
propagation speed of 1540 m/s, a B/A between 7
and 8, and an attenuation coefficient slope that is
close to 0.3 dB ⋅ cm–1 ⋅ MHz–1. The actual frequen-
cy dependence of the attenuation coefficient is
proportional to (frequency)n, where n is some-
what greater than 1.0 but less than 1.2. The use of
concentrated fat-free bovine milk as a TM liquid
offers a distinct advantage over whole bovine milk
because the paucity of lipid particles in fat-free
milk greatly reduces the change in acoustic prop-
erties due to gravitational sedimentation (ie, the
rising of lipids to the top surface of the liquid).

For use in exposure systems, the TM liquid
must satisfy the following practical necessities
for many months or years: (1) it must remain a
liquid and not be subject to bacterial invasion;
and (2) the relevant ultrasonic properties must
remain unchanged without need for periodic
mixing by the user.

A large number of methods were tested for pre-
serving the liquid. Eight methods have been suc-
cessful in that the liquid remained liquid and free
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Figure 5. Stability of speed of sound (top) and attenuation coef-
ficient at 5.0 MHz (bottom) of samples containing formalin. The
solid line represents samples only preserved with 5% formalin;
dashed line, samples containing 5% formalin and 2.4-g/L sodi-
um polyphosphate; and dotted line, samples that were auto-
claved and containing 5% formalin. The x-axis represents the
number of days since production of the liquid.

Figure 6. Stability of speed of sound (top) and attenuation coeffi-
cient at 5.0 MHz (bottom) of samples containing thimerosal. The
solid line represents samples preserved with 50-mg/L thimerosal
and autoclaved; dashed line, samples containing 100-mg/L
thimerosal and autoclaved; and dotted line, samples autoclaved
and containing 50-mg/L thimerosal with 250-mg/L chlorhexidine
digluconate. The x-axis represents the number of days since pro-
duction of the liquid.



from bacterial invasion for at least 22 months;
these methods are listed in Table 4. Six of them
involve autoclaving plus a chemical preservative.
In 3 cases, small concentrations of thimerosal
were used (1 or 2 times the concentration found
in contact lens solution).31 Three methods used
formalin as the antibacterial agent, and 2 used
n-propanol. Autoclaving helps destroy or greatly
reduce residual enzyme and bacterial activity
and helps denature serum proteins, which
results in their association with casein micelles.18

The presence of denatured serum proteins on
the casein surface may also present an addition-
al barrier to aggregation, thus lessening the like-
lihood of age gelation.

As seen in Figures 5–7, the propagation speed
of the 8 versions surviving for 22 months tend to
decrease over that period. However, the decrease
is only 2 or 3 m/s; thus, the propagation speed is
considered invariant over about 2 years.

Two of the surviving 8 methods of preserving
are questionable on the basis of the time depen-
dencies of attenuation. One sample, namely, that
preserved with 50-mg/L thimerosal and auto-
claved (Figure 6, solid curve), shows an abrupt

rise between 550 and 600 days after production.
The other sample is one preserved in the same
way, except 250-mg/L chlorhexidine digluconate
is also present (Figure 6, dotted curve); the drop
in attenuation coefficient over 2 years is 11.5%
(Table 5, second sample), which is considerably
greater than the drop for the other samples. It is
suggested that these 2 methods of preservation
be eliminated from consideration, leaving 6
viable ones, namely, the last 6 listed in Table 5.

Considering the 2.5% uncertainties in the per-
cent values in the right column of Table 5, it is a
reasonable assumption that all 6 remaining
methods of preservation are equivalent regard-
ing the decrease in attenuation with time. The
mean decrease in attenuation for the 6 over a 2-
year period is 7%. Considering a case in which
the pr and the PII values are determined at a
depth of 5 cm for a center frequency of 5 MHz, a
7% decrease in attenuation coefficient is 0.07 ×
0.30 dB ⋅ cm–1 ⋅ MHz–1 × 5 MHz × 5 cm = 0.5 dB.
This decrease translates into approximately a 6%
increase in pr and an 11% increase in PII over a 2-
year period. These increases seem to be of bor-
derline importance; however, a straightforward
“fine tuning” could be done according to the cur-
rent American Institute of Ultrasound in
Medicine derating methods without notable
impairment regarding accounting for nonlinear
propagation.

All 6 of these methods involved materials with
somewhat higher attenuation coefficient slopes
at 5 MHz, closer to 0.45 dB ⋅ cm–1 ⋅ MHz–1 than to
0.3 dB ⋅ cm–1 ⋅ MHz–1, and propagation speeds
higher than 1540 m/s at 22°C. For the 6 versions
not containing n-propanol, distilled water (plus
a small concentration of n-propanol) can be
added to yield 0.3 dB ⋅ cm–1 ⋅ MHz–1 and 1540
m/s without appreciably changing the nonlin-
earity parameter B/A. This procedure was used
to produce another sample of liquid from some
of the additional material that had been auto-
claved and preserved with 5% vol/vol formalin.
The acoustic properties of this sample were
measured to be as follows: speed of sound, 1540
m/s; attenuation coefficient, 0.23f1.16 dB ⋅ cm–1 ⋅
MHz–1.16; and B/A, 7.6. For the samples pre-
served with n-propanol, addition of distilled
water to yield 0.3 dB ⋅ cm–1 ⋅ MHz–1 will produce
a propagation speed of about 1548 m/s. If it is
critical to achieve the 1540-m/s value (ie, 1548
m/s is not acceptable), then the versions with n-
propanol should be avoided.
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Figure 7. Stability of speed of sound (top) and attenuation coeffi-
cient at 5.0 MHz (bottom) of samples containing n-propanol. The
solid line represents samples preserved with 5% vol/vol n-propanol
and autoclaved; and dashed line, samples containing 5% vol/vol
n-propanol with 3-g/L sodium benzoate and autoclaved. The x-
axis represents the number of days since production of the liquid.



Effect of Exposure to High-Intensity
Ultrasound Beams
It is possible that repeated exposure to high-
intensity ultrasound beams might cause deterio-
ration of the TM liquid on a molecular level. For
example, acoustic streaming would likely be
much more vigorous in the more highly attenu-
ating TM liquid than in water.37

Although no carefully designed experiment has
been carried out to assess such deterioration,
approximately 15 L of the TM liquid has been
repeatedly exposed to high-intensity beams over

a 2-year period when exposure data were being
gathered on about 50 different scanner configu-
rations with the use of the apparatus depicted in
Figures 1 and 2. After 8 months of use, a 200-mL
sample of the TM liquid was withdrawn from the
central part of the sack containing the TM liquid,
and measurements were made of the speed of
sound and attenuation coefficient at 5 MHz and
22°C. The values obtained were 1539 m/s and
0.324 dB/cm. Corresponding values for a sample
of the TM liquid before its introduction into the
sack were 1536 m/s and 0.320 dB/cm. Thus, there

Tissue-Mimicking Liquid

Table 4. Acoustic Properties of 8 Surviving Samples

Initial 4 Months After Initial 20 Months After Initial
α0, dB ⋅ α0, dB ⋅ α0, dB ⋅

Age cm–1 ⋅ cm–1 ⋅ cm–1 ⋅
Gelation c, m/s ± MHz–n c, m/s MHz–n c, m/s MHz–n

Preservative Prevention B/A 1.2 ± 0.04 n ± 0.06 ± 1.2 ± 0.04 n ± 0.06 ± 1.2 ± 0.04 n, ± 0.06

50-mg/L thimerosal A 7.1 1551.6 0.40 1.08 1551.3 0.33 1.16 1551.6 0.35 1.15
100-mg/L thimerosal A 7.4 1551.5 0.41 1.05 1551.4 0.34 1.17 1550.3 0.33 1.15
50-mg/L thimerosal with 
250-mg/L chlorhexidine 
digluconate A 7.2 1551.7 0.41 1.07 1552.2 0.33 1.18 1550.2 0.32 1.15

5% vol/vol n-propanol A 7.8 1580.0 0.38 1.16 1579.2 0.38 1.15 1579.1 0.39 1.11
5% vol/vol n-propanol with 
3-g/L sodium benzoate A 8.3 1583.2 0.40 1.16 1583.1 0.40 1.15 1580.2 0.39 1.14

5% v/v formalin None 7.3 1554.9 0.46 1.04 1553.5 0.37 1.15 1552.5 0.35 1.14
A 8.4 1558.9 0.38 1.20 1557.6 0.38 1.18 1556.5 0.37 1.16
B 7.6 1556.2 0.41 1.11 1555.8 0.37 1.16 1555.1 0.37 1.12

Periodic measurements of speed of sound at 5.0 MHz and fit to power law model for attenuation coefficients for all samples surviving for 22
months are shown. Age gelation prevention strategies: A indicates autoclaved for 15 minutes at 120°C; B, 2.4-g/L sodium polyphosphate; and
C, addition of 13-g/L 6-amino-n-hexanoic acid. Uncertainty estimates: c, 1.2 m/s; α0, 0.04 dB ⋅ cm–1 ⋅ MHz–n; and n, 0.06.

Table 5. Linear Fit of Change in Attenuations With Time

Attenuation at 5.0 MHz
Age Intercept, Slope, dB ⋅ cm–1 ⋅ Change Over 2 Years, %

Preservative Gelation Prevention dB/cm ± 0.03 y–1 ± 0.03 (Approximate Uncertainty, 2.5%)

50-mg/L thimerosal A 2.13 +0.01 +0.5
50-mg/L thimerosal 
with 250-mg/L 
chlorhexidine 
digluconate A 2.23 –0.12 –11.4

100-mg/L thimerosal A 2.20 –0.08 –7.5
5% vol/vol n-propanol A 2.39 –0.06 –5.1
5% vol/vol n-propanol 
with 3-g/L sodium 
benzoate A 2.54 –0.09 –7.6

5% vol/vol formalin None 2.36 –0.09 –8.1
A 2.59 –0.08 –6.0
B 2.39 –0.09 –8.2

Linear fit parameters of change in attenuation coefficients at 5.0 MHz over 2 years, including associated percent change (calculated from slope
parameter) in attenuation coefficients are shown. Age gelation prevention strategies: A indicates autoclaved for 15 minutes at 120°C; B, 2.4-g/L
sodium polyphosphate; and C, addition of 13-g/L 6-amino-n-hexanoic acid.
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appeared to be no appreciable change in the
ultrasonic properties over the 8-month period of
exposure. Also, the 15 L of TM liquid showed no
macroscopic evidence of deterioration when it
was removed from the sack after 2 years of use,
and the beam exit window (see Figure 2) had no
evidence of liquid deterioration such as deposits
of viscous material.

One possible advantage of acoustic streaming is
that it tends to circulate the TM liquid in the
region of high ultrasound intensity, thus reducing
exposure time of local volumes of the TM liquid. 
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