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ABSTRACT
There has been a great deal of work in ocean science over the
last 10 years in using acoustic channel models in the signal
processing. The goal has been to compensate for the
“barbershop” effect in which a SONAR system confuses the true
source with its reflections in the acoustic mirrors formed by the
ocean surface and bottom. Separately, in medicine, hyperthermia
has emerged as an important area of research. For hyperthermia
acoustic beams are trained on tumors with the goal of reversing
their growth. Our interest is the question of what (if any) lessons
from the SONAR experience can be applied to hyperthermia

1. INTRODUCTION

In ocean science, model-based signal processing[22] is well
established with notable experimental demonstrations. The
combination of the acoustic models with the signal processing
presents interesting issues. The models are challenged by the
need for high accuracy; the signal processing is challenged by the
need to understand and thereby exploit the reliable acoustic
features.

Our interest is in the possible applications of these techniques to
hyperthermia[19]. A little background … Hyperthermia is
literally an increase in temperature. Malignant hyperthermia is
the unwanted fever that can result for instance during anesthesia
and lead to patient death. Whole-body hyperthermia is an
induced fever designed to control cancer— tumor cells tend to be
more sensitive to fever since their capillary system is often poorly
structured and inefficient.

Local hyperthermia can be induced in many ways.
Thermocouples can be directly implanted[4] or microwaves used.
(Disturbing the tumor may lead to metastasis in which the cancer
cells find new homes in the body.) Acoustic waveguides[9] can
also be used to deliver energy directly to the tumor. Our interest
here is in ultrasonically induced hyperthermia. This seems to be
the method of choice, especially for deeper tumors. For this
application, sound sources in the 1 to 10 MHz regime are
typically used. At 1 MHz, losses are around a dB/cm so that
beams focused as deep as 15 cm are intense enough to be
effective. The power cannot be increased arbitrarily without
causing burns to the skin.

The beam patterns may be controlled by either acoustic
lenses[14][15] or by phasing elements in an array[17][6][2].
Phased arrays have the usual advantages and disadvantages of
flexibility and cost. Both linear and 2D arrays have been used.
The latter are often made of nested rings. The linear arrays may

use elements with a directionality perpendicular to the axis of the
array to provide a focus in three-space. The projector may also be
scanned mechanically or with frequency shifting[24].

These sorts of acoustic systems are also used at higher power
levels to perform surgery[26], or stop bleeding[25][8]. With
regard to tumors there is an interesting unresolved issue of
whether to use a sufficiently high temperature to actually burn
the tumor[18] or just raise its temperature. Burning has the
disadvantage that viable cancer cells may be dislodged. Also,
there is a greater fear of accidental damage to other tissues.
However, those risks must be balanced against treatment time.

Heating to lower temperatures of just 42ºC is sufficient to cause
cell death and small additional increases in temperature cause a
significantly greater effect. The treatment is combined with other
approaches such as chemotherapy; the combination of heat and
drug appears to be much more effective than either treatment
alone. Even at these lower temperatures a misdirected beam is
obviously undesirable. In the bowel, for instance, that
temperature is sufficient to cause perforation.

2. FORMULATION

2.1 Governing Equations

The acoustic wave equation has been applied with success to the
human body:
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where p is the acoustic pressure and )(Tc  is the sound speed

which (significantly) depends on temperature, T , and which is
approximated by a linear function. Interestingly, the sound speed
can either increase or decrease with temperature. For instance,
picking some round numbers from the literature one finds that in
fat a 1 degree change in temperature increases the sound speed
by about 4 m/s while in muscle the same temperature change
causes a drop of the same amount. A further complication is that
the fat content of some tissues such as the liver is higly variable
over the course of a day.

Obviously this equation is not universally adequate. In particular,
shear waves may be important in bone. This is of particular
concern in treating tumors in the liver, which are under the
ribs[1]. Whether this is really practical is complicated by another



anomalous effect of bones— they absorb ultrasonic energy very
effectively and may get much hotter than the tumor.

Attenuation is easily added to the basic wave equation; however,
we note that there is also a question whether a nonlinear version
of this equation may be needed for the intensities used in
hyperthermia[29].

The pressure heats the tissue and a linear relation has been
proposed between the intensity and the heating. Hot spots within
the tissue lose their heat through conduction in relation to their
spatial curvature. Heat is also carried away by blood leading to
the so-called perfusion term. Thus we have,
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whereρ is the density, σ  is the specific heat capacity, κ  is the

thermal conductivity and artT is the arterial blood temperature.

This is the so-called bioheat transfer equation (BHTE) which is
widely used to model the thermal evolution. Of course the
manner in which blood vessels carry away heat is a complicated
process. In some cases, blood vessels are concentrated in parts of
a tumor. Furthermore, they may contract or dilate in response to
the heat. Different approximations have been studied in Refs.
[11][12]

These equations for the temperature and the pressure are coupled
since the intensity feeds the temperature and the temperature
disturbs the sound speed which, in turn, affects the focus of the
beam.

2.2 Numerical Solution

The numerical solution is in principal straightforward but in
practice expensive with three space dimensions and time. Here
we seek to draw on the developments of computational ocean
acoustics. The temperature evolves on a slower time scale than
the acoustic pressure. Thus we de-couple the acoustic and heat
equations just as ocean circulation modeling is done separately
from ocean acoustic propagation using the so-called frozen ocean
approach. (See also Ref. [16].)

In particular, we take an initial homogeneous temperature
distribution and compute the acoustic beam. We assume the
beam is due to a single 1.5 MHz tone and look for a steady state
response at that same tone. This yields the Helmholtz equation:
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where ccn /0= is the index of refraction defined with respect to

some reference sound speed, c0. In addition, the frequency, f ,
of the source has been expressed in terms of a reference

wavenumber 0/20 cfk π= . A one dimensional Helmholtz

equation 0
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individual terms in square brackets being equations that can be
solved separately to yield the right and left-traveling components

of the pressure field. Similarly, in 2D we factor the Helmholtz
equation to obtain an equation for the right-traveling component
of the pressure:
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where x points along the axis of the beam. The term under the
square root is a pseudo-differential operator that can be

approximated by a Taylor series ...2/11 ++=+ xx . This
leads to the so-called parabolic equations[10]. Similar equations
can be written in 3D or with radial symmetry about the beam.

To put the whole process together, we assume that the heating
effects are confined to a small box between 70 and 130 mm as
shown in Figure 1. We use the analytic solution for a beam in
free space to propagate the acoustic field to the left edge of the
box. We then use the parabolic equation to construct the acoustic

field. It is solved by dividing out the dominant 
xjk

e 0 variation
of the field then using standard finite-difference approximations.
The resulting acoustic field becomes the heat source in the
bioheat transfer equation, which is solved for 10 seconds to
obtain a new temperature distribution. That temperature
distribution is then used to update the sound speed in the box and
the whole process is repeated.

Figure 1. Configuration for the computational experiment.

3. RESULTS

3.1 Conventional Beamforming

In Figure 2 we have simulated this process for fatty tissue with a
sound speed that decreases 4 m/s per degree. The beam is
designed to focus at 100 mm in a homogeneous medium. Figure
2 shows the temperature elevation in degrees Celsius after 10
seconds. This is a self-focusing situation that produces well-
localized heating; however, the focal spot has shifted.



Figure 2. Temperature elevation after 10 s for a fatty
tissue.

We next consider muscle tissue with a sound speed that increases
4 m/s for each degree rise in temperature. This leads to a warm
defocusing island. As may be seen in Figure 3 the result is a
much broader heated region. In addition, the focal spot has again
shifted away from its intended location. Using a simpler, layered
model for the sound speed a similar effect was observed in
Ref.[7]. Whether this sort of error is important depends on the
precise application.

Figure 3. Temperature elevation after 10 s for muscle
tissue.

3.2 Time-Reversal Focusing

The problem encountered here is analogous to
that in ocean acoustics where one corrects for refraction of
the acoustic beam using a model of sound propagation in
the medium. In hyperthermia, an analogous approach is to
solve the pattern synthesis problem to find the optimal
complex weights for the phased array taking account of the
medium distortion[20][5][6].

Alternatively, a simple but sub-optimal approach
to this problem is to construct a phase-conjugate array or
time-reversal mirror[22][13][27][27]. This can be applied
to hyperthermia in two ways. We can use a computer
model to predict how a hypothetical sound source at the
tumor would be received on an array outside the body.
Then we can time reverse that signature on the same array.
This is a type of model-based beamforming that leads to a
focused beam back at the tumor location. The problem
with this approach is that it depends on an acoustic model
of how sound propagates through a poorly known, time
and space varying medium— the human body.

The second approach is to directly measure the
acoustic propagation from the tumor to the treatment array.
Such sources need not be loud (or large) and might be
placed around the tumor rather than in it to reduce the risk
of metastasis. One may also envision both electro-
mechanical and chemical sound sources.

In simulation both these approaches are the same
with a computer model used to propagate between the
tumor and array. We have applied this approach to the
defocusing case of muscle tissue. The resulting
temperature field shown in Figure 4 shows that the time-
reversal method provides a dramatically improved focus in
terms of both sharpness and position.

 Figure 4. Temperature elevation in the treatment volume
after 20 s in a fatty tissue using time-reversal focusing.

4. SUMMARY

The parabolic equation approach provides an effective tool for
studying the role of spatial and temporal variations in the sound
speed. We have seen that these effects lead to a shift of about 10
mm with realistically chosen values. If it is, then we have seen
that the time-reversal mirror yields a simple approach to
refocusing the beam at the desired location.
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