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Laboratory measurements of soft tissue properties show a dependence of background propagation
properties on temperature. For typical focused ultrasound surgery~FUS! applications, only the slow
variations in tissue background parameters need to be accounted for when computing the outcome
of a FUS sonication. The cumulative effect of slowly varying sound speed has been referred to in
the literature as a thermal lens, or a thermo-acoustic lens because of its beam-distorting properties.
An algorithm to solve the coupled acoustic-thermal problem is described, and numerical results are
presented to illustrate the effects of dynamic sound-speed profiles in layered tissues undergoing
FUS. The results of simulations in liver with and without a fat layer indicate that the
thermal-acoustic interaction results in more complex dynamics in FUS than a simple model will
predict. Both the size and the position of the lesions predicted from the simulations are affected by
the thermo-acoustic lens effect. However, the overall effect from short sonications at high power
from sharply focused single element sources~F-no. from 0.8 to 1.3! around 1 MHz similar to those
used in clinical setups is found to be small. ©2001 Acoustical Society of America.
@DOI: 10.1121/1.1360239#

PACS numbers: 43.80.Gx, 43.80.Sh, 43.25.Cb, 43.25.Ed@FD#
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I. INTRODUCTION

Minimally invasive tumor coagulation using focuse
ultrasound devices holds great promise in treating patie
without the need for traditional surgical procedures.1–3

The heating of soft tissues for therapeutic purposes
been demonstrated experimentally4–7 and explained
theoretically.6,8–10

Modeling of FUS systems is important for proper sele
tion of device operating parameters and geometries. Num
cal models provide a means of exploring thermal thera
treatment planning as well as system design. Models h
been presented describing the behavior of focused ultras
beams in biological tissue11,12 and the thermal effect of suc
beams.13–16 Experiments in phantoms andin vivo17–20 have
been conducted to verify these models. Soft tissue is c
monly modeled as a lossy fluid media,15,8 and the main ef-
fects of ultrasound on soft tissues can be described assu
compressional waves in fluids.

Some interesting phenomena have been observed in
medical acoustics which suggest revisiting the traditio
models when dealing with time-varying tissues. One su
phenomenon is the thermo-acoustic lensing which occur
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tronic mail: ibrahim@alumni.washington.edu
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heated tissue, where a gradual movement in the positio
the focus and a change in the local index of refraction occ
This phenomenon may be partially explained as result
from the temperature-dependence of the sound spee
tissue.21–23 The acoustic intensity field generated from f
cused sources results in spatially inhomogeneous temp
ture fields in otherwise homogeneous tissue samples. M
eling such behavior requires using inhomogeneous equat
to describe the acoustic and the thermal problems, an
mechanism for feedback between them.

In this paper an acoustic model incorporating inhomo
neity, absorption, and nonlinearity is used in conjuncti
with the bioheat transfer equation~BHTE! to predict acoustic
and temperature fields in layered tissues with temperat
dependent sound speeds. The present paper deals wit
coupling of the acoustic and the thermal problems via
sound speed of layered tissue in thermal therapy. While
perimental data for tissue parameters as a function of t
perature and thermal dose remain scarce, the data publi
for sound speed in fat and liver as a function of temperat
are used to guide the time-domain simulations presented

II. MODEL DESCRIPTION

A. The acoustic model

A second-order wave equation for finite-amplitud
propagation in a thermo-viscous fluid is used as a model

lf,
-
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ultrasound propagation in this study. The equation is a g
eralized Westervelt equation, described in Hamilton a
Morfey,24
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The acoustic pressurep was calculated from the wave equ
tion, given the material properties of the medium. The ba
ground density and sound speed of the medium arer andc0 ,
respectively. The nonlinearity coefficient,b, is related to the
nonlinearity parameter,B/A, by b511(B/2A),25 and the
acoustic diffusivity,d, accounts for both thermal and viscou
losses in the fluid, and is related to the absorption coeffic
by d52ac0

3/v2, wherea is the acoustic absorption coeffi
cient andv is the angular frequency. It is assumed that
time rates of change of the background parameters in Eq~1!
are slow enough so that the extra terms in the wave equa
for time-varying media are negligible. This slow time
varying background assumption has been shown to be
sonable for typical FUS applications.26

For this study, the numerical solution of the wave equ
tion in polar cylindrical coordinates is accomplished usi
the finite-difference time-domain~FDTD! method as de-
scribed in Ref. 27. The partial derivatives in Eq.~1! are
discretized to second-order accuracy in time and fourth-o
accuracy in space with absorbing boundary conditions at
computational domain’s edges. Table I gives the base
values used for the acoustic parameters in Eq.~1!. The data
used in this study for the tissue parameters can be foun
the literature, for example, in Gosset al.28

B. The thermal model

The temperature increase in soft tissues can be mod
by a diffusion type equation. The Pennes bioheat tran
equation~BHTE!13 is used to describe the thermal effects
ultrasound in tissue:

]T

]t
5

kt

rCt
¹2T2

WbCb

rCt
~T2Ta!1

Q

rCt
, ~2!

where T is the temperature in the tissue,kt is the thermal
conductivity of the tissue,Ct andCb are the heat capacitie
of tissue and blood, respectively,Wb is the perfusion,Ta is
the ambient~arterial! temperature~37 °C!, andQ is the heat
deposition source term due to the acoustic field. The h
source term was calculated as described by Pierce,29

Q5
d

r0c0
4 K S ]p

]t D
2L . ~3!

Q was time-averaged over an acoustic period by numer
integration for use in the bioheat equation. Table II gives

TABLE I. Base values of acoustic parameters used in the study~37 °C!.

Material r ~kg m23! c0 ~m s21! a0 ~Np m21 MHz21! b0

Water 1000 1500 2.8831024 3.5
Liver 1050 1596 4.5 6.0
Fat 910 1430 9.0 10.5
2246 J. Acoust. Soc. Am., Vol. 109, No. 5, Pt. 1, May 2001
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reference values used for the parameters in Eq.~2!.
The BHTE was solved in cylindrical coordinates usin

the FDTD method to the same accuracy as the wave e
tion. Constant flux boundary conditions were assumed
the edges of the computational domain to simulate an
tended thermal region beyond the computational bounda
of the simulations, as constant temperature boundary co
tions can create artifacts at the edges of the domain.

The temperature field was used to calculate thermal d
according to the formula

t435E
t5t0

t5tfinal
R~432T~ t !! dt. ~4!

after Sapareto and Dewey.30 Here t43 is the thermal dose
equivalent time at 43 °C, andt0 andtfinal are the starting and
ending times of the sonication, andR is 0.5 if T>43 °C, and
0.25 if T,43 °C. Models commonly consider 240 min
43 °C the threshold for lesion formation in soft tissue. Th
assumption has been tested against measured lesion size
found to be reasonable in soft tissues.6

C. Tissue response model

The data for sound speed as a function of tempera
were compiled from measurements by Bamber and Hil31

These data were adapted for the present study by using
data point per 5 °C according to the trends apparent from
published values. The results are shown in Fig. 1. The po
nomials used in this study to fit the sound speeds in fat
liver to the experimental data are

TABLE II. Base values of thermal parameters used in the study~37 °C!.

Material k ~W m21 K21! C ~J kg21 K21! W ~kg m23 s21! Ta ~°C!

Water 0.60 4180 0 37
Liver 0.50 3700 0.5 37
Fat 0.50 3700 0.5 37

FIG. 1. Temperature dependence of sound speed in soft tissue taken
published laboratory measurements~symbols! and the corresponding poly
nomial fits to the data~solid!.
2246Hallaj et al.: Thermo-acoustic lens effect in ultrasound surgery
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cfat~T!5174623.931T20.4128T211.13731022T3

21.10131024T413.73131027T5 m/s, ~5!

cliver~T!5152911.686T16.11331022T2

22.29731023T312.26631025T4

27.17931028T5 m/s. ~6!

The polynomial expressions are only valid inside the int
polation region, 30 °C to 90 °C.

These data imply that during the course of a single
cused ultrasound treatment of finite duration the sound sp
will change, and this change is considered in subsequent
culations of the acoustic and thermal fields.

D. Acousto-thermal coupling

The flowchart in Fig. 2 shows how the acoustic and
thermal solvers were coupled for the present computat
via the heating termQ(x,t) in Eq. ~3!. Periodically the ther-
mal solver was made to calculate and output the upda
background sound speed of the tissue to data files. The s
speeds were calculated using the polynomial fits descr
above at each point in space on the computational dom
The updatedc(x,t) profile was then used as an input to t
acoustic solver to calculate a new pressure field in an it
tive fashion. Thus the pressure field, which drives the he
ing, was in turn affected by the temperature field, and
forth. The tissue parameters and CW pressure field were
dated for the simulations presented here every 2 s unless
otherwise noted. This update period was determined to
sufficient for the FUS problems based on a convergence
in which the periodicity of updating was varied.

III. DESCRIPTION OF THE SIMULATIONS

The basic layout for the simulations is shown in Fig.
and involves a single element spherical section bowl tra
ducer in water with axis of symmetry,z. The bowl has a
radius of curvature which varied between 3.2 and 5.2 cm
aperture diameter of 4 cm, and frequency of 1.0 MHz unl
otherwise noted.F-numbers between 0.8 and 1.3 were us
in the simulations to mimic the focused source conditio
used in FUS devices. A simulation was also carried out fo
1.5 MHz source with anF-number of 1.0 for comparison
Another simulation spanning 60 s was done to assess

FIG. 2. Flowchart showing the iterative method for coupling the press
and temperature calculations in the time-varying tissue simulations.
2247 J. Acoust. Soc. Am., Vol. 109, No. 5, Pt. 1, May 2001
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effect of longer sonications in which prefocal heating can
more important than the brief high-power sonications. A
sonications were adjusted for source pressure so that the
peak temperature at the focus was 8061 °C. This was based
on the typical desired heating pattern for individual FU
sonications in clinical situations, chosen to avoid tissue b
ing.

The calculations were carried out on a uniform grid w
spatial discretization of 0.1 mm along both the radial and
axial directions. The computational domain spans a 10
~axial! by 2.5 cm ~radial! area. However, due to the axia
symmetry of the problem, the results are correct for a ro
tion of this 2-D space about the axis. The acoustic simu
tions used a time step of 10 ns, while the thermal simulati
used a time step of 0.1 s. The reason for the disparity be
that the acoustic FDTD code needed to resolve much sho
time scales associated with an acoustic period while the t
mal FDTD code was used to compute heat transfer phen
ena at much longer time scales.

The acoustic pressure, intensity, temperature, and so
speed scalar fields were tracked and stored at 2 s intervals for
a total run time of 10 s in the following simulations unle
otherwise noted. The acoustic code was run until a stea
state CW field was obtained on the computational dom
~about 100ms!. This technique of using absorbing bounda
conditions to obtain CW results from transient codes p
vided good convergence and has been shown to be suc
ful for acoustic problems.32 The BHTE code was then run
using the most up-to-date values calculated for sound sp
of 2 s, then the acoustic code was run again until steady s
was reached, and so on. The results provide a sequenc
pressure and temperature fields, as well as the evolv
sound-speed profiles of the inhomogeneous tissues.

The source was simulated to be in water at 37 °C, a

e

FIG. 3. Configuration used for the simulations showing the relative lo
tions of the focused source and the water, fat, and liver layers. ABC den
absorbing boundary conditions, and RBC denotes reflected symm
boundary conditions. Not to scale.
2247Hallaj et al.: Thermo-acoustic lens effect in ultrasound surgery
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TABLE III. Simulation parameters, including source powers, source pressures, and focal intensities whic
required to achieve 80 °C peak temperature at the end of each CW sonication.

f ~Mhz! F-no. Duration~s! cm Fat Power~W! psource~MPa! I focus ~W m22!

1.0 0.8 10 0 66.1 0.38 3183
1.0 0.8 10 2 78.2 0.41 3764
1.0 1.0 10 0 82.1 0.43 2650
1.0 1.0 10 2 98.1 0.47 3166
1.5 1.0 10 2 65.2 0.38 4749
1.0 1.0 60 2 60.5 0.37 1951
1.0 1.3 10 2 128.1 0.55 2565
1.0 1.3 10 3.5 140.1 0.57 2565
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fat

ight
us
projecting a beam into soft~liver! tissue either directly adja
cent to the water or separated from the water by a fat la
Each of the layers was taken to be initially homogeneous
at 37 °C. Upon insonation by the acoustic field the tiss
layers’ sound speeds were assumed to evolve in space
time according to Eqs.~5! and ~6!. The water temperature
and properties were kept constant, assuming that a regu
supply of cooling water was available. Table III shows t
values of the pressures, powers, and intensities used fo
simulations. For each case, the source pressure was arriv
by an iterative process using interpolation such that an 80
peak temperature was achieved at the focus at the end o
sonication, as stated earlier. The parameters and dimen
in Table III were considered representative of possible cl
cal therapeutic ultrasound treatment systems and tis
samples.

Separate simulations were conducted which did not t
into account the acousto-thermal lensing for comparison
these simulations the water and tissue layers were sonic
for the same duration with the same sources and powers
the sound speeds were never altered from their baseline
ues during the heating.

IV. RESULTS

A. Short „10 s… CW sonications at 1.0 MHz, F no.Ä0.8,
1.0

Simulation results are presented as axial profiles of p
pressure, temperature, and sound speed evolving over th
s sonications. The profiles in Figs. 4–7 are plotted at
intervals to illustrate the dynamics of the problem for the
MHz, F no.50.8 andF no.51.0 cases with and without a
cm thick fat layer.

Several main observations can be made from the p
pressure slices: First, the location of the peak pressure~the
acoustic focus! drifts slightly in time toward the source. Th
position of the peak pressure does not drift by more tha
mm for any of the 1 MHz, 10 s runs, and is only a fraction
a millimeter for the cases with no fat layer. The drift is due
the refraction of the rays as they propagate through
thermo-acoustic lens. The rate of drift appears to decre
over the course of a simulation because the temperature
levels off during a sonication as conduction and perfusion
to limit the temperature rise. Standing waves were see
the water and in the fat layer. No standing waves were s
in the liver tissue, as it was assumed to be unbounded u
the absorbing boundary conditions. From the tempera
oc. Am., Vol. 109, No. 5, Pt. 1, May 2001
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data we can see the drift of the hot spot toward the transd
as time progresses, mirroring the change in the acoustic p
sure field.

The sound-speed variation was most remarkable in
fat layer, where the temperature dependence was most
nounced. The sound speed in fat underwent a change from
baseline value of 1430 m/s down to 1330 m/s near the fo
after 10 s of heating. The main observations from the sou
speed profiles from the simulations are the fact that gener
the sound speeds in tissue and liver~above 45 °C! drop near
the focus as the temperature increases. A slight increase
seen at the periphery of the focal zone as the liver was he
only slightly, and was on thec(T) region of the curve in
which sound speed climbs to a local maxima near 45
Also noted was the way in which the sound speed in the

FIG. 4. The evolution of~a! p, ~b! T, and ~c! c0 for the 1.0 MHz,F-no.
50.8 case with no fat layer, having 10 s duration. The curves on the r
show enlarged version of the curves on the left in the vicinity of the foc
~dotted outlines!. Source power566.1 W.
2248Hallaj et al.: Thermo-acoustic lens effect in ultrasound surgery
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layer changed readily with the relatively mild heating, a
cording to the polynomial interpolation given in Eq.~6!.

B. Short sonications at higher frequency „1.5 MHz…

Simulations using a 1.5 MHz source with similar geom
etry to the previously describedF1.0 source were carried
out. This source resulted in very little thermo-acoustic le
ing effect. We attribute this primarily to the higher focusin
ability of high-frequency sources. In this case the fraction
energy heating the prefocal region and fat was smaller t
for the 1.0 MHz runs of similar geometry due to the tight
focus. Even with a 2 cm fatlayer in the prefocal region, this
source resulted in a focal shift of about 0.5 mm only~Fig. 8!.

C. Short sonications at lower gain „F no.Ä1.3…

Simulations were also carried out using a 1.0 MH
source similar to those described previously, but havin
longer radius of curvature~5.2 cm! for a F-number of 1.3. In
these simulations both a 2 cmthick fat layer as well as a
thicker 3.5 cm fat layer could be used. The results from th
simulations are shown in Figs. 9 and 10. We see that
thicker fat layers more thermo-acoustic lensing occurs, es
cially when the focus is near the liver–fat interface. This
because when the focus is near the liver–fat interface, m
acoustic energy is deposited in the fat, especially near
interface, and increased heating of the prefocal fat tis
occurs.

FIG. 5. The evolution of~a! p, ~b! T, and ~c! c0 for the 1.0 MHz,F-no.
50.8 case with a 2 cm fat layer,having 10 s duration. The curves on th
right show enlarged version of the curves on the left in the vicinity of
focus ~dotted outlines!. Source power578.2 W.
2249 J. Acoust. Soc. Am., Vol. 109, No. 5, Pt. 1, May 2001
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Some other data from the 3.5 cm fat layer simulation
shown for their illustrative value. Figure 11~a! presents a
cross-axis view of the temperature near the focus at 10 s
runs with and without thermal lensing included. The therm
lens effect contributed an extra 10% to the peak tempera
at the focus in this case. The hot spot’s position and p
temperature were tracked and are presented in Fig. 11~b!,
which shows how the location of the maximum temperat
moved toward the source in time. Finally, in Fig. 12, the
min and 240 min outlines of the calculated thermal dose
43 °C are presented. The 1 min dose lines are presente
show the onset of multiple lesion development can occu
locations other than the intended focus in some cases,
being enhanced by the thermal lensing effect. The lesi
formed with thermal lensing included were less elongat
more peaked, and were closer to the transducer than sim
tions without thermal lensing predicted.

D. Long „60 s… CW sonications

A set of simulations was carried out for the 1.0 MH
F no.51.0 transducer, but at a lower power~60.5 W!, such
that without thermal lensing feedback the peak tempera
after 60 s reached 80 °C. This resulted in more noticea
thermal lensing than the brief sonications described in
last sections. The comparison made was between a sim
tion in which the thermo-acoustic lens effect was model
and one in which the background sound speed of the tis

FIG. 6. The evolution of~a! p, ~b! T, and ~c! c0 for the 1.0 MHz,F-no.
51.0 case with no fat layer, having 10 s duration. The curves on the r
show enlarged version of the curves on the left in the vicinity of the foc
~dotted outlines!. Source power582.1 W.
2249Hallaj et al.: Thermo-acoustic lens effect in ultrasound surgery
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layers was held constant at its baseline value. Figure
shows the axial peak pressure, temperature, and sound s
We see that the peak pressure is shifted by about 2
toward the source when acousto-thermal lensing occurs.
magnitude of the peak pressure also increases as the sha
the focal spot is changed. We also note an increase in p
temperature from a 60 s sonication in the presence
thermo-acoustic lensing. The location of the pressure
temperature maxima shifted about 2 mm overall.

Figure 14~a! shows the contours around the 240 m
equivalent doses for the 60 s runs. Note that for this predi
of lesioning, very little movement or size change can be s
between simulations with and without the thermal lens
phenomenon. This is due to the similar temperature his
for the sonications with and without thermal lensing i
cluded. The lesion predicted by the 240 min conto
showed a slight~1 mm! movement toward the transducer a
a slight change in shape. In Fig. 14~b! we compare the 240
min dose contours for the case without thermal lensing
scribed above with a case where 60 s of cooling followed
60 s of heating. The cooling stage made only a small con
bution to the total volume of the predicted lesion. Finally,
Fig. 14~c! the temperature history of the geometric focus
shown for the case with no thermal lensing for a 60 s so
cation followed by 60 s of cooling.

FIG. 7. The evolution of~a! p, ~b! T, and ~c! c0 for the 1.0 MHz,F-no.
51.0 case with a 2 cm fat layer,having 10 s duration. The curves on th
right show enlarged version of the curves on the left in the vicinity of
focus ~dotted outlines!. Source power598.1 W.
2250 J. Acoust. Soc. Am., Vol. 109, No. 5, Pt. 1, May 2001
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V. DISCUSSION

Simulations of acoustic pressure and temperature fie
for focused ultrasound devices were performed showing
effect of varying sound speeds in tissues as a function
their temperature. Thermo-acoustic lensing effects were
served, and lead to a small migration of the focal hot s
during an FUS treatment. In addition, the peak temperatu
were higher than those predicted by static models un
similar conditions. The effects were due to the enhanced
fraction of acoustic rays through the inhomogeneous me
layers. The magnitude of the peak pressure and the p
temperature were also found to gradually increase fo
steady CW source pressure as the thermo-acoustic lens
veloped. The maximum shift in the position of the focal sp
for single brief ~10 s! sonications was under 2 mm towar
the source. The maximum difference in predicted peak te
perature compared to the same simulations run with
thermo-acoustic lensing was about 4 °C, or about a 10%
ference in the temperature rise.

Specific effects noted were the effect of including a
layer in front of the liver tissue, increasing the frequency
50%, increasing the radius of curvature, and running
longer, lower power simulation. The main factors in produ
ing thermo-acoustic lensing are the amount of prefocal h
ing which occurs along the propagation path, and the
sponse of the medium along this path to heating. The hig
F-number and the slow long sonications resulted in m

FIG. 8. The evolution of~a! p, ~b! T, and ~c! c0 for the 1.5 MHz,F-no.
51.0 case with a 2 cm fat layer,having 10 s duration. The curves on th
right show enlarged version of the curves on the left in the vicinity of t
focus ~dotted outlines!. Source power565.2 W.
2250Hallaj et al.: Thermo-acoustic lens effect in ultrasound surgery
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pronounced thermal lensing. This effect was enhanced by
presence of the fat layer. In these simulations the fat acte
exaggerate the lensing because of the rapid descent i
sound speed as a function of temperature. Without the
layer for short sonications almost no noticeable lensing w
produced by the liver tissue alone~fractions of a mm!. The
increased frequency or decreasedF-number resulted in re
duced near-field heating and thermal lensing. We expect
sources with large focal spots that require longer sonicat
to achieve lesioning will result in more pronounced therm
acoustic lensing. The same can be expected for phased
systems,33,7 which induce large lesions, for they will subje
the prefocal tissue to more integrated thermal dose and h
ing over the duration of a FUS treatment.

Our model assumed that the dependence of sound s
on temperature was explicit, and used previously publis
data for the sound speed in fat and liver as a function
temperature to construct an interpolation polynomial wh
was periodically used to update the tissue sound-speed
files. This model served as a starting point for investigat
the phenomena of slowly varying tissue, and more work
needed to understand the mechanisms of change in tis
Other time-varying material parameters can be modeled
inserted into the calculation loop. Data for variation of a
sorption coefficient are available for a limited set of con
tions, but due to variations in measurement techniques, q
titative interpretation of this data remains unclear. Gener
speaking, the absorption coefficient has been observed t
crease with thermal dose and temperature.34 A preliminary

FIG. 9. The evolution of~a! p, ~b! T, and ~c! c0 for the 1.0 MHz,F-no.
51.3 case with a 2 cm fat layer,having 10 s duration. The curves on th
right show enlarged version of the curves on the left in the vicinity of
focus ~dotted outlines!. Source power5128.1 W.
2251 J. Acoust. Soc. Am., Vol. 109, No. 5, Pt. 1, May 2001
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study showed that the increase in local absorption near
focal region accelerated the heating rate and accompan
thermo-acoustic lens effect, and the increase was depen
on the temperature rise and the functional dependenc

FIG. 10. The evolution of~a! p, ~b! T, and ~c! c0 for the 1.0 MHz,F-no.
51.3 case with a 3.5 cm fat layer, having 10 s duration. The curves on
right show enlarged version of the curves on the left in the vicinity of t
focus ~dotted outlines!. Source power5140.1 W.

FIG. 11. ~a! Slices of the peak temperature in the focal planes at 10 s for
f 51.0 MHz F-no.51.3 case with 3.5 cm of fat with and without therma
lensing effect.~b! Movement of the peak temperature tracked at 2 s intervals
for the f 51.0 MHz F-no.51.3 case with 3.5 cm of fat and thermal lensin
included.
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absorption on temperature.26 Equation~3! helps to explain
how an acceleration of the thermo-acoustic interaction ar
if a increases with temperature, because as the tissu
heateda would increase, leading to a higher heating ra

FIG. 12. Calculated thermal dose contours comparing the results from
f 51.0 MHz F-no.51.3 with 3.5 cm of fat simulations with and withou
thermal lensing included.~a! The t435240 min dose outlines,~b! the t43

51 min dose outlines.

FIG. 13. The evolution of~a! p, ~b! T, and ~c! c0 for the 1.0 MHz,F-no.
51.0 case with a 2 cm fat layer,having 60 s duration. The curves on th
right show enlarged version of the curves on the left in the vicinity of
focus ~dotted outlines!. Source power560.5 W.
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es
is

,

and faster rising temperatures. However, because
effect would be most significant in a local area near
focus only, it is not expected that this effect wou
significantly contribute to thermal lensing. Data for oth
properties, such as the temperature-dependence of
nonlinearity coefficient and the density, are not read
available for most tissues.

In conclusion, the dependence of sound speed on tis
temperature appears to have a minor impact on
coagulated tissue volume or its location for brief sonicatio
from single-focus sources havingF-numbers around 1.0 an
frequencies around 1.0 MHz, as commonly used in clini
ultrasound surgery systems. This result may not apply
multiple-focus arrays or scanned systems, which prod
much higher near-field thermal doses. In such syste
the prefocal regions experience the effects of repeated
lapping sonications or scans, while the smaller focal zo
are only heated by their respective individual sonicatio
Since the thermal lens effect is a cumulative path effect
propagation from the source to the focus, it is most sign
cant for propagation through a long path of heated tiss
such as the prefocal tissue in scanned or multifocal ar
systems.
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FIG. 14. The outlines of the calculatedt435240 min dose curves~a! with
and without thermal lensing,~b! with and without subsequent cooling,~c!
the temperature at the focus, for the long sonication case withf 51 MHz,
F-no.51.0 at 60.5 W.
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