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Laboratory measurements of soft tissue properties show a dependence of background propagation
properties on temperature. For typical focused ultrasound su(gel$) 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 sour@eso. from 0.8 to 1.3around 1 MHz similar to those

used in clinical setups is found to be small. ZD01 Acoustical Society of America.
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I. INTRODUCTION heated tissue, where a gradual movement in the position of
the focus and a change in the local index of refraction occurs.
Minimally invasive tumor coagulation using focused This phenomenon may be partially explained as resulting
ultrasound devices holds great promise in treating patientfom the temperature-dependence of the sound speed in
without the need for traditional surgical procedute$. tissue?’~23 The acoustic intensity field generated from fo-
The heating of soft tissues for therapeutic purposes hasused sources results in spatially inhomogeneous tempera-
been demonstrated experiment&ily and explained ture fields in otherwise homogeneous tissue samples. Mod-
theoretically?8-10 eling such behavior requires using inhomogeneous equations
Modeling of FUS systems is important for proper selec-to describe the acoustic and the thermal problems, and a
tion of device operating parameters and geometries. Numermechanism for feedback between them.
cal models provide a means of exploring thermal therapy In this paper an acoustic model incorporating inhomoge-
treatment planning as well as system design. Models havgeity, absorption, and nonlinearity is used in conjunction
been presented describing the behavior of focused ultrasonith the bioheat transfer equatioBHTE) to predict acoustic
beams in biological tisst&'?and the thermal effect of such and temperature fields in layered tissues with temperature-
beams:*~'® Experiments in phantoms and vivo'’?*have  dependent sound speeds. The present paper deals with the
been conducted to verify these models. Soft tissue is comeoupling of the acoustic and the thermal problems via the
monly modeled as a lossy fluid medrf and the main ef-  sound speed of layered tissue in thermal therapy. While ex-
fects of ultrasound on soft tissues can be described assumipgrimental data for tissue parameters as a function of tem-
compressional waves in fluids. perature and thermal dose remain scarce, the data published
Some interesting phenomena have been observed in bifor sound speed in fat and liver as a function of temperature
medical acoustics which suggest revisiting the traditionalre used to guide the time-domain simulations presented.
models when dealing with time-varying tissues. One such
phenomenon is the thermo-acoustic lensing which occurs ifl. MODEL DESCRIPTION

A. The acoustic model

3 Author to whom correspondence should be addressed, currently with Wolf, . - .
Greenfield & Sacks, P.C., 600 Atlantic Ave., Boston, MA 02210; elec- A second-order wave equation for f'mte'amp“tUde

tronic mail: ibrahim@alumni.washington.edu propagation in a thermo-viscous fluid is used as a model for
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TABLE |. Base values of acoustic parameters used in the staidyC). TABLE Il. Base values of thermal parameters used in the st@dy’C).

Material p(kgm™3) coms?YH  ay Npm *MHz ™Y Bo Material k(Wm™K™) C@Ukg*K™ Wkgm?3s?t T,(°C)
Water 1000 1500 2.8810 ¢ 3.5 Water 0.60 4180 0 37
Liver 1050 1596 4.5 6.0 Liver 0.50 3700 0.5 37
Fat 910 1430 9.0 10.5 Fat 0.50 3700 0.5 37

ultrasound propagation in this study. The equation is a gen-

. . . . . eference values used for the parameters in(Bqg.
eralized Westervelt equation, described in Hamilton anJ The BHTE was solved in cylindrical coordinates using

Morfey 2
the FDTD method to the same accuracy as the wave equa-
5 1p 1 5 #°p B ¢°p? tion. Constant flux boundary conditions were assumed for
Vop- c2at? ;VP'VP+ p_cgﬁﬂ' pca at? - the edges of the computational domain to simulate an ex-

(1) tended thermal region beyond the computational boundaries
Th i lculated f " of the simulations, as constant temperature boundary condi-
€ acoustic pressuggwas caiculated from the Wave equa- o5 can create artifacts at the edges of the domain.

tion, given the material properties of the medium. The back- .o tomperature field was used to calculate thermal dose
ground density and sound speed of the mediunparedc,, according to the formula

respectively. The nonlinearity coefficierg, is related to the
nonlinearity parameter3/A, by =1+ (B/2A),% and the _ t:tﬂnalR(“*T“))dt
acoustic diffusivity,s, accounts for both thermal and viscous A :

losses in the fluid, and is related to the absorption coefficient )
by 522&08/0’2, where« is the acoustic absorption coeffi- after Sapareto and DewéY.Here t,; is the thermal dose

cient andw is the angular frequency. It is assumed that the®auivalent ime at 43°C, arg andtyi, are the starting and

time rates of change of the background parameters ifEq. €nding times of the sonication, afitis 0.5 if T=43°C, and

are slow enough so that the extra terms in the wave equatidh2> if T<43°C. Models commonly consider 240 min at

for time-varying media are negligible. This slow time- 43°C thg threshold for lesion fo_rmatlon in soft t|s§ue. _Thls
varying background assumption has been shown to be redssumption has been tes_ted aggmst measured lesion sizes and
sonable for typical FUS applicatioﬁ%. found to be reasonable in soft tissifes.

For this study, the numerical solution of the wave equa-
tion in polar cylindrical coordinates is accomplished using
the finite-difference time-domaitFDTD) method as de- C. Tissue response model
scribed in Ref. 27. The partial derivatives in Ed) are
discretized to second-order accuracy in time and fourth-order
accuracy in space with absorbing boundary conditions at th
computational domain’s edges. Table | gives the baselin

4

=t0

The data for sound speed as a function of temperature
ere compiled from measurements by Bamber and 3ill.
hese data were adapted for the present study by using one

values used for the acoustic parameters in @&y The data data point per 5 °C according to the trends apparent from the

used in this study for the tissue parameters can be found iRUb“_Shed valu.es. The results are shown in Fig. 1. The poly-
the literature, for example, in Goss al?? nomials used in this study to fit the sound speeds in fat and

liver to the experimental data are

B. The thermal model

1600
Q

The temperature increase in soft tissues can be modele — "\“\\
by a diffusion type equation. The Pennes bioheat transfel Liver

equation(BHTE)* is used to describe the thermal effects of 139}
ultrasound in tissue:
= 1500}
aT  k W,Cy Q =
—=—VT———(T-Ty)+ — =
< 1450 :
whereT is the temperature in the tissul, is the thermal <

conductivity of the tissueC,; andC,, are the heat capacities 1400l
of tissue and blood, respectively, is the perfusion;T, is

the ambientarteria) temperaturg37 °C), andQ is the heat
deposition source term due to the acoustic field. The hea
source term was calculated as described by Pférce,

1) ap
Q= poCo \ |\ at

. . . . FIG. 1. Temperature dependence of sound speed in soft tissue taken from

Q was time-averaged over an acoustic period by numericaypjished laboratory measuremerggmbols and the corresponding poly-

integration for use in the bioheat equation. Table Il gives theromial fits to the datasolid).
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FIG. 2. Flowchart showing the iterative method for coupling the pressure
and temperature calculations in the time-varying tissue simulations.
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Cial( T)=1746-3.931T—0.4128%+1.137x 10 T3
—1.101x 10 4T4+3.731x 10 'T°m/s, (5
Ciiver(T)=1529+1.686T + 6.113< 10 2T?

—2.297x 10 3T3+2.266< 10 °T*
g5 FIG. 3. Configuration used for the simulations showing the relative loca-
—7.179<10 "T>m/s. (6) tions of the focused source and the water, fat, and liver layers. ABC denotes
The polynomial expressions are onIy valid inside the inter_ta;bsorblng boup_dary conditions, and RBC denotes reflected symmetry
- . ° o oundary conditions. Not to scale.
polation region, 30°C to 90 °C.
These data imply that during the course of a single fo-
cused ultrasound treatment of finite duration the sound speezffect of longer sonications in which prefocal heating can be
will change, and this change is considered in subsequent carore important than the brief high-power sonications. All

culations of the acoustic and thermal fields. sonications were adjusted for source pressure so that the final
peak temperature at the focus wast80°C. This was based
D. Acousto-thermal coupling on the typical desired heating pattern for individual FUS

The flowchart in Fig. 2 shows how the acoustic and thesonlcatlons in clinical situations, chosen to avoid tissue boil-

thermal solvers were coupled for the present computations The calculations were carried out on a uniform grid with

\rﬁzltr]silt]/(;?t\l/cgster:]nfcjg’g I?aﬁ:%lﬁl z;:goggaﬂ)t/ mz tSecrj_ateapatial discretization of 0.1 mm along both the radial and the
X P ial directions. The computational domain spans a 10 cm

background sound speed of the tissue to data files. The sound .

speeds were calculated using the polynomial fits describe?f‘X'aD by 2.5 cm(radia) area. However, due to the axial

o . -symmetry of the problem, the results are correct for a rota-
above at each point in space on the computational domair). . ) o
. : tion of this 2-D space about the axis. The acoustic simula-

The updatect(x,t) profile was then used as an input to the _. . ; . .

. o .. tions used a time step of 10 ns, while the thermal simulations
acoustic solver to calculate a new pressure field in an itera- ; . . .
. . : . . used a time step of 0.1 s. The reason for the disparity being
tive fashion. Thus the pressure field, which drives the heat; .
. . . that the acoustic FDTD code needed to resolve much shorter
ing, was in turn affected by the temperature field, and s

forth. The tissue parameters and CW pressure field were lﬁl_me scales associated with an acoustic period while the ther-

dated for the simulations presented here gv2&rs unless mal FDTD code was used to compute heat transfer phenom-

otherwise noted. This update period was determined to be 2 at much Io_nger time sc_ales. .
The acoustic pressure, intensity, temperature, and sound-

;ufﬂqent for the_FU_S_ problems pased on a convergence teg‘peed scalar fields were tracked and stotetisaintervals for
in which the periodicity of updating was varied.

a total run time of 10 s in the following simulations unless
otherwise noted. The acoustic code was run until a steady-
state CW field was obtained on the computational domain
The basic layout for the simulations is shown in Fig. 3 (about 100us). This technique of using absorbing boundary
and involves a single element spherical section bowl transeonditions to obtain CW results from transient codes pro-
ducer in water with axis of symmetry, The bowl has a vided good convergence and has been shown to be success-
radius of curvature which varied between 3.2 and 5.2 cm, aful for acoustic problem3? The BHTE code was then run
aperture diameter of 4 cm, and frequency of 1.0 MHz unlessising the most up-to-date values calculated for sound speed
otherwise notedrF-numbers between 0.8 and 1.3 were usedof 2 s, then the acoustic code was run again until steady state
in the simulations to mimic the focused source conditionsvas reached, and so on. The results provide a sequence of
used in FUS devices. A simulation was also carried out for gpressure and temperature fields, as well as the evolving
1.5 MHz source with arF-number of 1.0 for comparison. sound-speed profiles of the inhomogeneous tissues.
Another simulation spanning 60 s was done to assess the The source was simulated to be in water at 37 °C, and

IIl. DESCRIPTION OF THE SIMULATIONS
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TABLE IIl. Simulation parameters, including source powers, source pressures, and focal intensities which were
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) Itocus (W m™2)
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

projecting a beam into softiver) tissue either directly adja- data we can see the drift of the hot spot toward the transducer
cent to the water or separated from the water by a fat layeras time progresses, mirroring the change in the acoustic pres-
Each of the layers was taken to be initially homogeneous andure field.
at 37°C. Upon insonation by the acoustic field the tissue  The sound-speed variation was most remarkable in the
layers’ sound speeds were assumed to evolve in space afat layer, where the temperature dependence was most pro-
time according to Eqs(5) and (6). The water temperature nounced. The sound speed in fat underwent a change from its
and properties were kept constant, assuming that a regulatéaseline value of 1430 m/s down to 1330 m/s near the focus
supply of cooling water was available. Table Il shows theafter 10 s of heating. The main observations from the sound-
values of the pressures, powers, and intensities used for ttspeed profiles from the simulations are the fact that generally
simulations. For each case, the source pressure was arrivedthé sound speeds in tissue and livebove 45 °¢ drop near
by an iterative process using interpolation such that an 80 °Ghe focus as the temperature increases. A slight increase was
peak temperature was achieved at the focus at the end of tlseen at the periphery of the focal zone as the liver was heated
sonication, as stated earlier. The parameters and dimensionsly slightly, and was on the(T) region of the curve in
in Table 11l were considered representative of possible cliniwhich sound speed climbs to a local maxima near 45 °C.
cal therapeutic ultrasound treatment systems and tissuklso noted was the way in which the sound speed in the fat
samples.

Separate simulations were conducted which did not take
into account the acousto-thermal lensing for comparison. In
these simulations the water and tissue layers were sonicate 10

|

I

|
for the same duration with the same sources and powers, bt § I n;:
the sound speeds were never altered from their baseline va % s | <
ues during the heating. |

1
IV. RESULTS % 2 a6 s

z {cm) z {cm)

A. Short (10 s) CW sonications at 1.0 MHz, Fno.=0.8,
1'0 80 i 80

Simulation results are presented as axial profiles of peak 4
pressure, temperature, and sound speed evolving over the 1
s sonications. The profiles in Figs. 4-7 are plotted at 2 s
intervals to illustrate the dynamics of the problem for the 1 s0
MHz, F no.=0.8 andF no.= 1.0 cases with and without a 2
cm thick fat layer.

Several main observations can be made from the peal
pressure slices: First, the location of the peak presghee
acoustic focupdrifts slightly in time toward the source. The 00/
position of the peak pressure does not drift by more than 2 1580

16000
1595} -

mm for any of the 1 MHz, 10 s runs, and is only a fraction of 1560 ‘» - g‘”o
a millimeter for the cases with no fat layer. The drift is due to <54, | <1585
the refraction of the rays as they propagate through the | | 1580
thermo-acoustic lens. The rate of drift appears to decreas:  _ | 1575 Uos
over the course of a simulation because the temperature ris 1570 :
. . . . . 2 4 6 8 2 25 3 35 4
levels off during a sonication as conduction and perfusion aci z (cm) z (cm)

to limit the temperature rise. Standing waves were seen in

. . F|G. 4. The evolution ofa) p, (b) T, and(c) ¢, for the 1.0 MHz,F-no.
the water and in the fat Iayer' No Standmg waves were seen 0.8 case with no fat layer, having 10 s duration. The curves on the right

in the liver Fissue, as it was as;gmed to be unbounded USiNgiow enlarged version of the curves on the left in the vicinity of the focus
the absorbing boundary conditions. From the temperatureiotted outlines Source power 66.1 W.
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'iIG' 5. The :]voll;tion cfﬂ(a)l P (B) T’. ancl!(c) %" for. the 'I}ho MHz,F-no. h FIG. 6. The evolution ofa) p, (b) T, and(c) ¢, for the 1.0 MHz,F-no.
0.8 case wh a 2 cm fat layerhaving 10 s duration. The curves on the =1.0 case with no fat layer, having 10 s duration. The curves on the right

right show enlarged version of the curves on the left in the vicinity of the show enlarged version of the curves on the left in the vicinity of the focus
focus (dotted outlines Source power 78.2 W. (dotted outlines Source power82.1W.

layer changed readily with the relatively mild heating, ac-  gome other data from the 3.5 cm fat layer simulation are

cording to the polynomial interpolation given in E@). shown for their illustrative value. Figure (& presents a
o _ cross-axis view of the temperature near the focus at 10 s for
B. Short sonications at higher frequency (1.5 MH2) runs with and without thermal lensing included. The thermal

Simulations using a 1.5 MHz source with similar geom-lens effect contributed an extra 10% to the peak temperature
etry to the previously describeB1.0 source were carried at the focus in this case. The hot spot's position and peak
out. This source resulted in very little thermo-acoustic lenstemperature were tracked and are presented in Fifh),11
ing effect. We attribute this primarily to the higher focusing which shows how the location of the maximum temperature
ability of high-frequency sources. In this case the fraction ofmoved toward the source in time. Finally, in Fig. 12, the 1
energy heating the prefocal region and fat was smaller thamin and 240 min outlines of the calculated thermal dose at
for the 1.0 MHz runs of similar geometry due to the tighter43 °C are presented. The 1 min dose lines are presented to
focus. Even wih a 2 cm fatlayer in the prefocal region, this show the onset of multiple lesion development can occur at

source resulted in a focal shift of about 0.5 mm offfig. 8). locations other than the intended focus in some cases, this
being enhanced by the thermal lensing effect. The lesions
C. Short sonications at lower gain ~ (Fno.=1.3) formed with thermal lensing included were less elongated,

. . . . more peaked, and were closer to the transducer than simula-
Simulations were also carried out using a 1.0 MHz_. : . )
tions without thermal lensing predicted.

source similar to those described previously, but having a
longer radius of curvaturés.2 cm for a F-number of 1.3. In
these simulations bbta 2 cmthick fat layer as well as a
thicker 3.5 cm fat layer could be used. The results from these A set of simulations was carried out for the 1.0 MHz,
simulations are shown in Figs. 9 and 10. We see that foF no.= 1.0 transducer, but at a lower pow@&0.5 W), such
thicker fat layers more thermo-acoustic lensing occurs, espéhat without thermal lensing feedback the peak temperature
cially when the focus is near the liver—fat interface. This isafter 60 s reached 80 °C. This resulted in more noticeable
because when the focus is near the liver—fat interface, morthermal lensing than the brief sonications described in the
acoustic energy is deposited in the fat, especially near thiast sections. The comparison made was between a simula-
interface, and increased heating of the prefocal fat tissugon in which the thermo-acoustic lens effect was modeled,
occurs. and one in which the background sound speed of the tissue

D. Long (60 s) CW sonications
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FIG. 7. The evolution ofa) p, (b) T, and(c) c, for the 1.0 MHz,F-no. FIG. 8. The evolution ofa p, (b) T, and(c) ¢, for the 1.5 MHz,F-no.
=1.0 case wh a 2 cm fat layerhaving 10 s duration. The curves on the =1.0 case wit a 2 cm fat layerhaving 10 s duration. The curves on the
right show enlarged version of the curves on the left in the vicinity of the right show enlarged version of the curves on the left in the vicinity of the
focus (dotted outlines Source power 98.1 W. focus (dotted outlines Source power 65.2 W.

V. DISCUSSION
layers was held constant at its baseline value. Figure 13
shows the axial peak pressure, temperature, and sound spe?d.
: . or f
We see that the peak pressure is shifted by about 2 mm

dth h h | lens: T effect of varying sound speeds in tissues as a function of
toward the source when acousto-thermal lensing occurs. r}ﬁeir temperature. Thermo-acoustic lensing effects were ob-

magnitude of the peak pressure also increases as the shapegfyed, and lead to a small migration of the focal hot spot
the focal spot is changed. We also note an increase in peafring an FUS treatment. In addition, the peak temperatures
temperature from a 60 s sonication in the presence ofyere higher than those predicted by static models under
thermo-acoustic lensing. The location of the pressure andimilar conditions. The effects were due to the enhanced re-
temperature maxima shifted about 2 mm overall. fraction of acoustic rays through the inhomogeneous media
Figure 14a) shows the contours around the 240 minlayers. The magnitude of the peak pressure and the peak
equivalent doses for the 60 s runs. Note that for this predictoiemperature were also found to gradually increase for a
of lesioning, very little movement or size change can be seefteady CW source pressure as the thermo-acoustic lens de-
between simulations with and without the thermal lensingveloped. The maximum shift in the position of the focal spot

phenomenon. This is due to the similar temperature historf0" Single brief(10 § sonications was under 2 mm toward
for the sonications with and without thermal lensing in- the source. The maximum difference in predicted peak tem-

Jerature compared to the same simulations run without
thermo-acoustic lensing was about 4 °C, or about a 10% dif-

Simulations of acoustic pressure and temperature fields
ocused ultrasound devices were performed showing the

cluded. The lesion predicted by the 240 min contour
showed a slightl mm) movement toward the transducer and ! )
ference in the temperature rise.

a slight change in shape. In Fig. (b} we compare the 240 Specific effects noted were the effect of including a fat

min dose CO”tO‘?rS for the case without thermal lensing OleI'ayer in front of the liver tissue, increasing the frequency by
scribed above with a case where 60 s of cooling followed theyo,, increasing the radius of curvature, and running a

60 s of heating. The cooling stage made only a small contritonger, lower power simulation. The main factors in produc-

bution to the total volume of the predicted lesion. Fina”y, in |ng thermo-acoustic |ensing are the amount of prefoca] heat-
Fig. 14(c) the temperature history of the geometric focus ising which occurs along the propagation path, and the re-
shown for the case with no thermal lensing for a 60 s sonisponse of the medium along this path to heating. The higher
cation followed by 60 s of cooling. F-number and the slow long sonications resulted in more

2250 J. Acoust. Soc. Am., Vol. 109, No. 5, Pt. 1, May 2001 Hallaj et al.: Thermo-acoustic lens effect in ultrasound surgery 2250
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FIG. 9. The evolution ofa) p, (b) T, and(c) ¢, for the 1.0 MHz,F-no. FIG. 10. The evolution ofa) p, (b) T, and(c) c, for the 1.0 MHz,F-no.
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right show enlarged version of the curves on the left in the vicinity of the right show enlarged version of the curves on the left in the vicinity of the
focus (dotted outlines Source power 128.1 W. focus (dotted outlines Source power 140.1 W.

pronounced thermal lensing. This effect was enhanced by th&wudy showed that the increase in local absorption near the
presence of the fat layer. In these simulations the fat acted t@cal region accelerated the heating rate and accompanying
exaggerate the lensing because of the rapid descent in ifiermo-acoustic lens effect, and the increase was dependent
sound speed as a function of temperature. Without the fagn the temperature rise and the functional dependence of
layer for short sonications almost no noticeable lensing was
produced by the liver tissue aloriractions of a mm The
increased frequency or decreadechumber resulted in re-
duced near-field heating and thermal lensing. We expect that
sources with large focal spots that require longer sonications (@)
to achieve lesioning will result in more pronounced thermo-
acoustic lensing. The same can be expected for phased array
systems>7 which induce large lesions, for they will subject
the prefocal tissue to more integrated thermal dose and heat-
ing over the duration of a FUS treatment. 04 02 r(%m) 02 04

Our model assumed that the dependence of sound speed
on temperature was explicit, and used previously published 20
data for the sound speed in fat and liver as a function of
temperature to construct an interpolation polynomial which 0l
was periodically used to update the tissue sound-speed pro- (b) 3) S 65
files. This model served as a starting point for investigating &
the phenomena of slowly varying tissue, and more work is . 245
needed to understand the mechanisms of change in tissue. 60+
Other time-varying material parameters can be modeled and
inserted into the calculation loop. Data for variation of ab- 4.8 4'29 (cm) 5
sorption coefficient are available for a limited set of condi-
tions, but due to variations in measurement techniques, quaﬁlG- 11. (a) Slices of the peak temperature in the fpcal plam_as at 10 s for the
titative interpretation of this data remains unclear. Generall;{e:nsli'r? MHz F-no.= 1.3 case with 3.5 cm of fat with and without thermal

. - e : g effect(b) Movement of the peak temperature tracke a irtervals

speaking, the absorption coefficient has been observed to ifs the f=1.0 MHz F-no.= 1.3 case with 3.5 cm of fat and thermal lensing
crease with thermal dose and temperafira. preliminary  included.

2251 J. Acoust. Soc. Am., Vol. 109, No. 5, Pt. 1, May 2001 Hallaj et al.: Thermo-acoustic lens effect in ultrasound surgery 2251



—— 60s Heat, no TL
«—wloTL --- 60s Heat, with TL
4 [ T
~ 6 ~~~
(a) § : (@) E)/ Fhooi
N5 M with TL N
Liver 2
Fat 1 0 1
4 r (cm)
1 0 1
r (cm) —— 60s Heat then 60s Cool, no TL
4 60s Heat, no TL
® 5
]
4 ¢
1 0 1
r (cm)

FIG. 12. Calculated thermal dose contours comparing the results from the
f=1.0 MHz F-no.=1.3 with 3.5 cm of fat simulations with and without
thermal lensing included@ The t,3=240 min dose outlines(b) the t,;

=1 min dose outlines.

absorption on temperatuf.Equation(3) helps to explain
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0 50 100
how an acceleration of the thermo-acoustic interaction arises t(s)
if « increases with temperature, because as the tissue ﬁ'G. 14. The outlines of the calculatégh=240 min dose curve&) with

heateda would increase, leading to a higher heating rateand without thermal lensingb) with and without subsequent coolintg)

the temperature at the focus, for the long sonication case fwith MHz,
F-no.=1.0 at 60.5 W.

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

In conclusion, the dependence of sound speed on tissue
temperature appears to have a minor impact on the
coagulated tissue volume or its location for brief sonications
from single-focus sources havitgnumbers around 1.0 and
frequencies around 1.0 MHz, as commonly used in clinical
ultrasound surgery systems. This result may not apply to
multiple-focus arrays or scanned systems, which produce
much higher near-field thermal doses. In such systems,
the prefocal regions experience the effects of repeated over
lapping sonications or scans, while the smaller focal zones
are only heated by their respective individual sonications.
Since the thermal lens effect is a cumulative path effect of
propagation from the source to the focus, it is most signifi-
cant for propagation through a long path of heated tissue,
such as the prefocal tissue in scanned or multifocal array
systems.
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