
n an effort to limit patient exposure to ultra-
sound, the Food and Drug Administration and
the AIUM have made recommendations to

ultrasound equipment manufacturers that values of
two parameters, which are relevant to potential bio-

logical effects, be available to clinical users. One
parameter is the TI, whose value is a predictor for
temperature rise of tissue in an ultrasound beam.
The other recognized potential mechanism of bio-
logical damage involves cavitation, and the likeli-
hood of patient injury due to cavitation is thought
to increase with the value of the parameter referred
to as the MI. The definitions and models for the TI
and MI are detailed in a standard produced by a
joint committee of the AIUM and NEMA.1

Typically in acoustic output quantification, a
hydrophone is used in a water tank to record the
temporal acoustic pressure of a propagating wave.
For the purposes here, we are interested in the most
extreme rarefactional pressure pr, used for calculat-
ing the MI, and the PII, used for calculating the tem-
poral average intensity. The MI and the temporal
average intensity are subject to restrictions imposed
by the Food and Drug Administration. The tempo-
ral average intensity is also used in calculating 
the TI.
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Acoustic Measurements in a 
Tissue Mimicking Liquid

Michael C. Macdonald, PhD, Ernest L. Madsen, PhD

A liquid has been developed that mimics soft tissue
in terms of propagation speed, attenuation, and
nonlinearity parameter B/A. Since the slope of the
attenuation coefficient is nearly constant up to at
least 18 MHz and the value can be anywhere in the
range 0.1 through 0.7 dB/(cm • MHz), the material
is ideal for assessing the effectiveness of attenuation
derating of output acoustic intensities and pres-
sures measured in water.

A clinical ultrasound system was used to trans-
mit into the tissue mimicking liquid. The pulse

intensity integral and rarefactional pressure at vari-
ous field locations in the tissue mimicking liquid
were computed and compared to the corresponding
values measured in water with attenuation derating
applied. The slope of the attenuation coefficient in
the tissue mimicking liquid was used for the derat-
ing. From this data it is seen that the present prac-
tice of modeling in vivo exposure using linearly
derated measurements made in water is not
always conservative. KEY WORDS: Ultrasound; Tissue
mimicking liquid; Nonlinearity.



The PII is given by

PII =  

where p(t) is the instantaneous acoustic pressure and
ρ and c are the density and propagation speed,
respectively, of the medium. The integration limits
are specified by the period of time for which the
hydrophone signal is nonzero.

According to the presently applicable standards,
the water measured pressures and intensities are
made to model the attenuative 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–αfoz

where α = 0.3 dB/(cm • MHz) = 0.0345 neper/(cm •

MHz), f0 is the center frequency of the pulse, and z is
the distance from the transducer to the receiver.

Use of the deration process reasonably 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 are capable of
emitting pulses which are nonlinear for propagation
in both water and tissue. The generation of nonlin-
earities in the water is a concern because, as the local
intensities increase, shock formation occurs in the
water and field intensities become less dependent on
the source intensity.2 It is not known to what extent
such nonlinearities occur in tissue, although it is
thought that most tissues are less subject to such
effects than water.

Models have been developed for predicting clini-
cally relevant acoustic fields in tissuelike media.3,4

However, experimental data are lacking with which
to test these theoretical models or to test the validity
of using linearly derated water measured acoustic
fields to estimate acoustic exposure in tissue.

A liquid medium has been developed at the
University of Wisconsin–Madison that mimics soft
tissue for all relevant acoustic properties, including
the nonlinearity parameter B/A.5 An acoustic
hydrophone can be submersed in this medium for
mapping the acoustic fields of transducers.

In the work presented here, two linear array trans-
ducer assemblies on the Acuson Sequoia ultrasound
system (Acuson, Mountain View, CA) were used to
generate acoustic fields in both water and the TM liq-
uid. Axial peak rarefactional pressures and PIIs were
determined for identical transmit conditions using
both media, thus allowing a direct comparison of the
linearly derated water values with the correspond-
ing values in the TM liquid.

MATERIALS

The composition of the TM liquid used in these
experiments is shown in Table 1. A more detailed
description of this type of material is given in
Madsen and coworkers.5

The speed of sound and the attenuation slope of
the liquid were measured using a previously pub-
lished through-transmission technique.6 At room
temperature (22°C), at which all hydrophone mea-
surements were carried out, the speed of sound of
the TM liquid was found to be 1526 ± 1 m/s.

The attenuation coefficient slope of the liquid can
be adjusted to be anywhere from 0.1 to 0.7 dB/(cm
• MHz). The liquid used in these tests was targeted
to have an attenuation slope of 0.3 dB/(cm • MHz)
at low frequencies (below 4 MHz). This value cor-
responds to the AIUM/NEMA recommended lin-
ear derating factor. The attenuation slope for a
sample of the TM liquid was measured at room
temperature at these lower frequencies to be about
0.29 dB/(cm • MHz). Over the frequency range
from 2.25 to 18 MHz, however, the average attenu-
ation slope was 0.27 dB/ (cm • MHz). Note that the
formulation can be adjusted to yield an average
attenuation slope closer to 0.3 dB/(cm • MHz) over
the broad frequency range. To assure meaningful
comparisons of TM liquid and water derated val-
ues, all water measured fields reported here have
been derated using the attenuation coefficient slope
of 0.27 dB/(cm • MHz) instead of the canonical 0.3
dB/(cm • MHz).* The attenuation coefficient for the
TM liquid as a function of frequency is shown in
Figure 1.

A very critical property of any medium used for
the study of acoustic nonlinearity is the nonlinearity
parameter B/A. This parameter determines the rate at
which the initial acoustic pulse loses energy from the
fundamental frequency to higher harmonics. A B/A
value of 5.7 was measured for a sample of the TM liq-
uid at room temperature using an ultrasound
through-transmission method.7,8 This is on the low
end of reported values for the nonlinearity parame-
ter for tissues at 26°C, which range from 6.3 (porcine
kidney) through 6.9 (porcine liver).

The acoustic properties of the liquid used in this
study are summarized in Table 2. It is important to
note that the acoustic properties of the liquid have
been observed to be stable for more than 2 years.5

dt
p2(t)

ρc
∫
Τ2

Τ1
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*Almost all data had been acquired before it was realized that
the average attenuation coefficient slope was 0.27 instead of
0.29 or 0.30 db/(cm • MHz); it was considered that 0.27 was
close enough that acquisition of new data with 0.30 liquid
was not necessary.



For the purposes of this study, about 40 liters of the
TM liquid was prepared at the University of
Wisconsin–Madison and shipped to Acuson Corp-
oration, where it was used to fill a small automated
beam plot tank.

METHOD AND PROCEDURES

Figure 2 shows the essential components of the data
collection apparatus. The ultrasonic transmitter was
an Acuson Sequoia system with the scanning
arrested so that only pulses corresponding to the
central scan line were produced. The transducers
used in all cases were linear arrays, and the default 
0 dB power level was employed in every case except
when studying the nonlinear effects as a function of
output power. The transducer assembly was coupled
directly to the transport medium, which was either
water at 37°C or the TM liquid at 22°C. The involved
pulses were interrogated with a calibrated 0.6 mm
bilaminar shielded Marconi membrane hydrophone

(GEC-Marconi Research Centre, Chelmsford,
England). The hydrophone signals produced in
water or the TM liquid were amplified and sent to a
Tektronix RTD710A 200 MHz digitizer (Tektronix,
Beaverton, OR). The digitizer, under control of a
UNIX workstation, then sent the digitized waveform
to a storage device on the workstation via a GPIB
IEEE-488 interface.

The hydrophone was calibrated at discrete oper-
ating frequencies and at very low output power
(assuring minimal nonlinear effects) in both liquid
media using a set of narrow band NIST traceable
source transducers, which have known ultrasonic
power output at various center frequencies. A pla-
nar scan at the focal distance was done in each
media to determine a frequency dependent calibra-
tion. The attenuation in the TM liquid, of course,
had to be taken into account.

The hydrophone was positioned at various loca-
tions in the acoustic field of the transducer using a
custom-built three-axis micropositioner. Each axis of
the positioner was under the control of the UNIX
workstation via a Unidex motion controller
(Aerotech, Pittsburgh, PA) and had a spatial resolu-
tion of about 20 µm. The transducer under test was
aligned in the tank such that the location of peak PIIs
at two axial depths was colinear with the movement
of the hydrophone along the Z (depth) axis of the
positioner. This was done to ensure that the center of
the ultrasound beam could be interrogated by mov-
ing the hydrophone with the Z axis positioner.

For all data presented here, the hydrophone was
translated along the beam axis and waveforms
recorded for various depths and transmit power
settings. The values of pr and PII were computed for
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Table 1: Composition of the TM Liquid*

Material % by Volume

Deionized water 60.7
Evaporated milk 36.3
n-propanol 3.0

*Thimerosal is added as a preservative at 1 g/liter.

Figure 1 Attenuation coefficient for the TM liquid at room
temperature (22°C). Figure 2 Diagram of the data acquisition system.



each waveform using C++ routines on the work-
station. Of particular interest here were the differ-
ences in pr and PII as measured in the TM liquid and
in water with derating. A derating factor of 0.27 dB/
(cm • MHz) was applied to all waveforms measured
in water. This derating factor was chosen instead of
the AIUM/NEMA standard of 0.3 dB/(cm • MHz) to
equal the average attenuation coefficient slope of the
TM liquid.

RESULTS

Figure 3 shows the PII at discrete points along the
beam axis of a linear array transducer with a nomi-
nal frequency of 5 MHz and a focal depth of 2 cm.
The PII as measured in the TM liquid and in water
are shown with the water measured values derated
using 0.27 dB/(cm • MHz).

Figure 4 is for the same operating condition as
Figure 3, only now the pr is shown as a function of
depth for propagation into the TM liquid and for
propagation in water, with a 0.27 dB/(cm • MHz) de-
rating applied to the water data. The operating con-
dition used for the data in Figures 3 and 4 does not
represent very aggressive focusing. That is, the ratio
of the beam cross-sectional area at the transducer face
to the beam cross-sectional area at the measurement
depth is not as high as is commonly possible.

Figure 5 is another plot showing the PII at points

along the beam axis of a linear array transducer. The
nominal frequency was again 5 MHz, but the focal
depth was 7 cm. Again, the PII as a function of axial
depth is shown for propagation in the TM liquid and
for propagation in water with a 0.27 dB/(cm • MHz)
derating applied to the water data.

Figure 6 is for the same operating condition as in
Figure 5 and shows pr as a function of depth for prop-
agation in the TM liquid and for propagation in water
with a 0.27 dB/(cm • MHz) derating applied to the
water data. Unlike the operating condition used for
the data in Figures 3 and 4, the operating condition
for Figures 5 and 6 had fairly aggressive focusing.

Figures 7 through 10 show the change in pr and
PII as the transmit power is varied. Each figure
shows data for a discrete field location and operat-
ing condition.

Figures 7 and 8 show the PII and pr , respectively,
for a nominal frequency of 5 MHz and a transmit
depth of 2.0 cm. The PII and pr are shown as mea-
sured in the TM liquid and in water with a 0.27 dB/
(cm • MHz) derating applied. The measurement
depth was 1.8 cm from the transducer face along the
beam axis, and the transmit power from the trans-
ducer was varied from 0 dB (full output power) to
–21 dB, corresponding to an MI range from a maxi-
mum of 0.5 down to 0.1.

Figures 9 and 10 show PII and pr as a function of
transmit power as measured in the TM liquid and
water with a 0.27 dB/(cm • MHz) derating for a nom-

58 TISSUE MIMICKING LIQUID J Ultrasound Med 18:55–62, 1999

Figure 3 Comparison of PII in the TM liquid and water along
the beam axis of a linear array transducer with a 5 MHz nom-
inal frequency and transmit depth of 2.0 cm. The water mea-
sured PII values were derated using a 0.27 dB/(cm • MHz)
derating factor. 

Figure 4 Comparison of peak rarefactional pressure in the TM
liquid and water along the beam axis of a linear array trans-
ducer with a 5 MHz nominal frequency and transmit depth of
2.0. cm. The water measured pr values were derated using a
0.27 dB/(cm • MHz) derating factor.



inal frequency of 5 MHz and transmit depth of 7 cm.
The measurement location was along the beam axis,
6.8 cm from the transducer face. Here the computed
MI ranges from 0.4 down to 0.04.

DISCUSSION

From the previously presented figures, it is clear that
the derated water intensities and pressures are not
necessarily conservative with respect to the values
measured in the TM liquid.

In Figures 3 and 4, both the PII and pr in the TM liq-
uid are almost always conservatively estimated
using the derated water values. Only beyond the
axial depth of the 2 cm transmit focus does the value
of pr in the TM fluid become underestimated by the
derated water value, as seen in Figure 4.

A similar axial sampling of PII and pr for another
linear array and another operating condition is
shown in Figures 5 and 6. Here, however, clearly
both the PII and pr in the TM liquid are underesti-
mated at almost all axial depths by the derated water
values. Note that the operating condition used for
obtaining the data in Figures 5 and 6 exhibited much
higher focal gain than was present for the operating
condition associated with Figures 3 and 4, and the
transmit focus was 7 cm instead of 2 cm.

Figures 7 through 9 are helpful in identifying to
what extent transmit power affects the generation of
nonlinearities. At very low transmit powers it is

expected that the propagating waveforms are
approximately linear. If that is true, then the derated
pressures and intensities as measured in water
should be approximately equal to the values mea-
sured in the TM liquid.

In Figure 7, for instance, it is clear that the derated
water PII at all transmit powers overestimates the PII
found when measured in the TM liquid. The PII val-
ues, as measured in both water and the TM liquid,
increase fairly linearly with increasing transmit
power, except that the water measured PII starts to
exhibit a nonlinear behavior at the very highest
transmit power. Note that the change in PII as mea-
sured in the TM fluid is approximately linear
through the entire range of transmit powers. It is
probably safe to assume that, for transmit powers
higher than those available here, the derated water
value for PII would have fallen below the PII as mea-
sured in the TM liquid.

Figure 8, which shows the pr data as a function of
the transmit power for the same operating condition
as in Figure 7, includes a “cross-over” of the derated
water measured pr and the pr as measured in the TM
liquid. Note that for the 0 dB transmit power case,
the TM liquid value for pr is slightly higher than that
computed by derating the pr as measured in water.

Figure 9 shows how the generation of nonlineari-
ties in water can affect the validity of using a linear
attenuation model for derating. At lower transmit
powers the derated water values for PII are approx-
imately equal to, but slightly higher than, the PII
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Figure 5 Comparison of PII in the TM liquid and water along
the beam axis of a linear array transducer with a 5 MHz nom-
inal frequency and transmit depth of 7.0 cm. The water mea-
sured PII values were derated using a 0.27 dB/(cm • MHz)
derating factor.

Figure 6 Comparison of peak rarefactional pressure in the TM
liquid and water along the beam axis of a linear array trans-
ducer with a 5 MHz nominal frequency and transmit depth of
7.0 cm. The water measured pr values were derated using a
0.27 dB/(cm • MHz) derating factor.



measured in the TM fluid. As the transmit power
is increased, however, the derated PII in water
begins to underestimate the PII measured in the
TM fluid. Here the nonlinear behavior is quite
apparent.

Figure 10 shows the divergence of pr versus power
as power increases for the TM liquid case and water
derated case.

It is worth noting that the PII as measured in the
TM fluid also begins to exhibit a nonlinear behavior
at the highest transmit powers. This indicates that
nonlinear distortion of the waveforms in the TM
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Figure 7 PII in the TM liquid and in water, with 0.27 dB/
(cm • MHz) derating factor applied, as a function of transmit
power from the transducer assembly. The intensity is mea-
sured at a depth of 1.8 cm from the linear array transducer,
and the operating condition had a nominal operating fre-
quency of 5 MHz and a transmit depth of 2.0 cm.

Figure 8 pr in the TM liquid and in water, with 0.27 dB/
(cm • MHz) derating factor applied, as a function of transmit
power from the transducer assembly. The values were mea-
sured at a depth of 1.8 cm from the linear array transducer,
and the operating condition had a nominal operating fre-
quency of 5 MHz and a transmit depth of 2.0 cm.

Figure 9 PII in the TM liquid and in water, with 0.27 dB/
(cm • MHz) derating factor applied, as a function of transmit
power from the transducer assembly. Here the intensity is
measured 6.8 cm from the linear array transducer along the
beam axis, and the operating condition had a nominal oper-
ating frequency of 5 MHz and a transmit depth of 7.0 cm.

Figure 10 pr in the TM liquid and in water, with 0.27 dB/(cm
• MHz) derating factor applied, as a function of transmit
power from the transducer assembly. The values were mea-
sured at a depth of 6.8 cm from the linear array transducer,
and the operating condition had a nominal operating fre-
quency of 5 MHz and a transmit depth of 7.0 cm.



fluid was significant and may need to be accounted
for in any mathematical models for waveform prop-
agation through tissue.

It should be noted that over a period of 12 months,
during which the hydrophone was immersed in the
TM liquid about 12 h per month, the normally visible
“luster” of the hydrophone gold electrodes was some-
what diminished. This could possibly correspond to a
degradation of the electrodes. If a degradation of the
hydrophone is occurring, two components of the TM
liquid are suspect: n-propanol and thimerosal. The
thimerosal has also been found to cause “bleeding” of
the black dye from black silicone rubber seals over a
period of a few months. The n-propanol, which is pres-
ent to elevate the ultrasonic propagation speed, can be
replaced for that purpose with glycerol, a much less
chemically active material. In fact, glycerol is superior
to n-propanol because it does not evaporate even in an
open bath, leaving water the only volatile material in
the TM material, and water can be replenished easily. If
thimerosal is causing electrode degradation, then other
preservatives can be tried. An alternative to thimerosal
as a preservative, 1-(cis-3-chloroallyl)-3,5,7-triaza-1-
azonia-adamantane chloride, had been tested for 3
months at the time of this writing, with no change in
ultrasonic properties or appearance of the material and
no bleeding of black color from silicone rubber seals.

The question has been raised regarding long-term
stability of the liquid TM material relative to the possi-
bility that it might be included as a basis for an IEC
standard. The ultrasonic properties of propagation
speed and attenuation coefficients were monitored
throughout the study reported in this article, and they
were stable. The material was kept in a closed con-
tainer when not in use, but it was used intermittently
over a rather long period of time (about 12 months).
Long-term care of the material is required, however:
storing it in a closed container when not in use and stir-
ring it to assure uniformity if it has been unused for a
week or more. Glycerol should be used for controlling
(raising) propagation speed instead of n-propanol,
and, if the alternative preservative proves adequate, it
should be used instead of thimerosal. If the glycerol
and alternative preservative form of the material
passes long-term stability tests, then that would seem
to be an adequate material for an IEC standard.

The liquid holding tank and other apparatus used
in this study were adapted from systems employing
water, where care of the liquid transmission medium
is not a significant concern. It is likely that a system
specifically designed for use with a smaller volume of
TM liquid could be designed. For instance, it may be
helpful to employ an upward-directed hydrophone,
which can be translated vertically, with a source

directed downward and subject to three-dimensional
translations (and perhaps rotations) using apparatus
external to the TM liquid. A flexible plastic sheet with
an opening for the source transducer could prevent
evaporation. Such a tank could conceivably require as
little as 20 liters of TM liquid.

SUMMARY AND CONCLUSIONS

The current method for determining the PII and peak
rarefaction acoustic pressure on a 0.3 dB/(cm • MHz)
medium is to make measurements in degassed water
and then “derate” the values by multiplying acoustic
pressures p(t) at times t by a factor e–αfoz where α =
0.3 dB/(cm • MHz) = 0.0345 neper/(cm • MHz), f0 is
the center frequency of the pulse, and z is the distance
from the transducer to the receiver. The resulting PII
and pr are used in determining acoustic output display
parameters MI and TI. The accuracy of this derating
scheme was tested to determine whether serious
errors were made due to ignoring nonlinear propaga-
tion effects. Note that the derating model also ignores
beam hardening (shift to more penetrating lower fre-
quencies) due to frequency dependent attenuation.

Tests were done using clinical transducers with 
5 MHz nominal frequency. Pulses were transmitted
into water and TM liquid under identical conditions
and derated results compared with those in the TM
liquid. For short transmission depths (2 cm focus) the
water derated PII and pr were slightly greater than
those found using the TM liquid, an acceptable safety
condition. However, when the transmit depth was
greater (7 cm focus) and nonlinear propagation effects
presumably larger, the maximum axial PII in the TM
liquid was more than twice that in water with derat-
ing, and the peak value of pr was about 80% higher in
the TM liquid than in water with derating.

These results indicate that derated values of PII
and pr determined in water are not necessarily con-
servative, and a more appropriate means of pre-
dicting in vivo ultrasonic exposure is needed. This
may be accomplished by (1) developing better mod-
els for derating the water measured pressures, (2)
using the conventional measurement protocols, but
with the TM liquid instead of water, or (3) using
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Table 2: Acoustic Properties of the TM Liquid at
Room Temperature

Speed of sound (m/s) 1526
Density (g/cc) 1.03
Attenuation coefficient slope [dB/(cm • MHz)] 0.27
Nonlinearity coefficient B/A 5.7



mathematical models for finite amplitude sound
beams, for which the TM liquid may serve as a valu-
able transmission medium for the validation of the
models.
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