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Heating from high intensity focused ultrasouftdilFU) can be used to control bleeding, both from
individual blood vessels as well as from gross damage to the capillary bed. The presence of
vascularity can limit one’s ability to elevate the temperature owing to convective heat transport. In
an effort to better understand the heating process in tissues with vascular structure we have
developed a numerical simulation that couples models for ultrasound propagation, acoustic
streaming, ultrasound heating and blood cooling in a Newtonian viscous medium. The 3-D
simulation allows for the study of complicated biological structures and insonation geometries. We
have also undertaken a seriesimfvitro experiments employing non-uniform flow-through tissue
phantoms and designed to provide verification of the model predictions. We show that blood flow
of 2 cm/s(6.4 ml/min through a 2.6 mm ‘vessgkan reduce peak temperature in a vessel wall by
25%. We also show that HIFU intensities of 8%0° W/m? can induce acoustic streaming with
peak velocities up to 5 cm/s and this can reduce heating near a vessel wall by more than 10%. These
results demonstrate that convective cooling is important in HIFU and can be accounted for within
simulation models. ©2004 Acoustical Society of AmericdDOI: 10.1121/1.1787124

PACS numbers: 43.80.Gx, 43.80.Sh, 43.25.\D] Pages: 2451-2458

I. INTRODUCTION ture distributions as a function of time. Muir and
Carstenselt studied the physics of both focused and unfo-
High intensity focused ultrasour#ilFU), often referred  cused ultrasound heat deposition and produced analytical ex-
to as focused ultrasound surgeflfUS), is a therapeutic pressions that incorporated nonlinear effects. Several
medical treatment modality that is enjoying a renewed interinvestigators*~*°considered how to accurately compute heat
est in research and clinical applicationé.The manner in  generation during ultrasound exposure. Ligzal %7 devel-
which one applies the acoustic energy determines, to a largsped both analytical and numerical solutions to the Pennes
extent, the nature and spatial extent of the biological effect. Avioheat transfer equatidhin the context of glaucoma treat-
broad spectrum of therapy is achievable, ranging from gentlenent. Hill et al!® and later Wu and D developed general
heating of tumors to violent tissue ablation, from drug deliv-analytical models based on a Gaussian approximation to the
ery through sonoporation to kidney stone comminution. Apeam shape.
barrier to safe and efficacious HIFU therapy involves target-  Owing to the complexity of the propagation medium,
ing and treatment planning: is the sound energy going to thaccurate predictions of HIFU-induced temperature rise are
right spot and in the correct dosage? To address this, ongenerally facilitated by numerical modeling. Kolies al?*
needs an accurate model that, in the context of HIFU therapymployed a finite difference method to model perfused tis-
includes multiple physical effects: nonlinear sound propagasues in 2-D cylindrical coordinates. Cuetal ?? used a 2-D
tion, arbitrary media inhomogeneity, thermal transport phefinite difference implementation to investigate the impor-
nomena, convective transport phenoméne., blood flow  tance of nonlinear effects on wave propagation and heat gen-
and other second-order effects as ned@edustic streaming, eration in perfused liver models. Fan and Hynytidnves-
acoustic radiation stress, and cavitafion tigated FUS by phased arrays using a 3-D finite difference
The years have seen numerous studies devoted to moghodel. Hoffelneret al?* developed a finite element method
eling tissue heating from ultrasound exposure, starting witho solve the KZK equation. Waet al?® used a matrix relax-
the pioneering works of FryLele” and Parkef,® the latter  ation method to investigate critical parameters governing the
of whom derived approximate analytical expressions for theperformance of their phased-array system and Meaney
temperature rise in a 2-D conducting medium. Most pub-et al?® computed 3-D heat deposition patterns assuming a
lished methods are limited to simple situations for whichlinear propagation model. Krasovitski and Kimrflepre-
analytical solutions exist and the use of cylindrical geom-sented a 3-D simulation of the temperature field in and
etries suffice. Porfdoroke down the heating volume into a around a blood vessel for a simplified geometry. The litera-
series of cylinders that he used as elemental heat sourcagare on modeling of ultrasound-induced tissue heating is ex-
Robinson and Lef€@ assumed a cylindrical heat deposition tensive. Readers are directed to the review by Baglegl 28
pattern and produced analytical expressions for the temperger a comprehensive survey.
This paper describes a finite-difference-time-domain
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flow and acoustic streaming. We use an implementation of  Finally, in order to couple the pressure field model to the
the coupled nonlinear acoustic propagation and absorptiotemperature field modétescribed belojwve need to quan-

(resulting in spatio-temporally resolved thermal source termsify the thermal energy deposition associated with the ab-
which are then incorporated into a numerical implementatiorsorption of the ultrasonic wave. The following expression,
of the heat conduction equatiprriginally introduced by adapted from Ref. 37, gives the spatially dependent ultra-
Hallaj and Cleveland®®° For the current work we have sonic power deposition per unit volume in a nonrelaxing
modified the implementation to include a convective term inmedium3®

the heat conduction equation. The simulation is ZeRis- )

symmetrig in pressure and 3-D in all thermal and flow quan- q=2axsd = Z“ABS< (&_p > @)
tities. Numerical predictions are assessed through a quantita- w?pc |\ ot

tive comparison with experiments run in uniform and . -
vascularizped gel phantoms[.)The acoustic and thermal prope'r_!eref’ YABS. refers to the Iocal_ab_sorptl_o n coefficient of the
ties of these phantoms were independefelyperimentally medlum,_l is the local acoustic mtens_lty, and the brackets
characterized, and the phantoms were instrumented to faciIP—enOte time average over one E.ICOUS“C cycl_e ' .
tate measurement of acoustic pressure and temperature in To model thermal transport in perfused tissue c_ontammg
space and time during the heating experiments. The compar ne or more larger blood vess%ei%s, we adapt the widely used
son with model predictions proceeds without reliance on fit- ennes b|oh(_aat transf(_ar equa !(BHTE)' a form of the

ting parameters. Described below are the theoretical moderll,eat gonductlon equation with b'OI.O glcglly rgle_vant source
numerical implementation, and subsequent experimentaa}nd. sink terms. The temperature. field is split into two do-
validation. Additional details describing all facets of the mains, perfused tissue and flowing blood, and can be ex-
work are presented by Huard. pressed as

JT
ptCtW:KtVZT_Wbe(T_Tm)'Fq (tissue domaip

Il. MODEL
. o . ()
We model nonlinear sound propagation in a thermovis-
cous medium with a modified Westervelt equation, account- - 9T _ o - .
ing for the effects of diffraction, absorption, and PoCo g =KoV T = ppCy(U-VT)+q  (blood domain,
nonlinearity>? (4)
1 32 5 Pp B p? wherep, C, andK are the density, specific heat, and thermal
2— - — 3t =2 —7=0 (1) conductivity with the subscripts and b referring to tissue
coat ¢’ at  pct dt and blood domainT., refers to the temperature at large dis-

+Usyr, ®)

Herec is the sound Spee¢,' is the densityﬁ is the acoustic tances from the fOCUWb is the “perfUSion rate” which is an
diffusivity, and =1+ B/2A is the coefficient of nonlinearity average mass flow rate accounting in an approximate way for
with B/A being the nonlinearity parameter of the medium.blood flow in capillary bed§. The perfusion rate in our tissue
The simulation is cast in the time domain, which facilitatesPhantoms was zero. Finallyis the blood flow velocity. The
the investigation of the spatial and temporal characteristic§lood flow field has two components: a fully developed para-
of the energy deposition and heating in an arbitrary mediun®olic flow (the Reynolds number Re2proUy/u is less than
using either pulsed or continuous ultrasound. The model ast00 for all flow conditions studied herelus an acoustic
sumes a classical thermoviscous medium in which the abstreaming flow. Thus, the total blood flow velocity field is
sorption increases as the frequency squared, though for tiguitten as
sues the power law for absorption is closerftd. This will r\2
introduce error in the case of strongly nonlinear waves. Us- U= Ug,+ Jstr=2U0[1— —)
ing a plane wave analysis of nonlinear propagation we esti- fo
mated that the error in the heating term is less than 5% fowhere U,,, represents parabolic Pouiseille flow ang, is
focal peak pressures up to 2 MPRthe range used in this acoustic streaming), is the average velocity of the Pou-
study). Moreover, in our experiments the FUS fields gener-iseille flow, u is the shear viscosity, is the radial distance
ated acoustic cavitation before significant propagation nonfrom the flow axis, and is the radius of the vessel.
linearity set in, and, once bubbles are present, the model There is a considerable body of literature that develops
reported herein is no longer valftd:-3® the theoretical basis of acoustic streaming. The fluid motion
We assume that the acoustic properties of iouvitro is described by the continuity and Navier—Stok$) equa-
setup are such that the acoustic field can be calculated agens where the driving force derives from the acoustic field
suming a uniform medium. Therefore the sound field generand is manifested as a spatially dependent momentum trans-
ated by our axisymmetric transducer can be adequately déer from sound waves to fluid motiofl.Much of the early
scribed by a 2-D cylindrical computation, a fact tlhmeatly ~ work (Eckarf® and othersassumed continuous plane waves
reduces the computation time required for each simulationand a second-order approximation, which is unsuitable for
This “engineering approximation” is motivated purely by HIFU beams. We employ a model that follows from the work
practical considerations and recognizes the fact that thef Kamakuraet al***?in which we begin with the continuity
acoustic contrast of various structures in tissue is sthalhe  and NS equations for a viscous incompressible fluid. The
and lung being notable exceptions representation for the acoustic stress is accurate to second
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order and the formulation includes full hydrodynamic non-
linearity. We consider only the axial component of the acous-
tic particle velocity field, which we obtain from the pressure
solution [Eq. (1)] using a linear impedance relationship,
which is described in Appendix A. The reader is referred to | magnetic
Ref. 31 for more information. Stitzge
Unlike the pressure field, 3-D solutions for the BHTE '
and streaming equations are readily obtained, for the spatig| gemcior || Am':ﬁﬁe, ﬂ iumpsa frhpmed. depssl,
grid and time steps required for the latter are considerably and deionized water
larger than the former. Thus coding for the heat conduction Digital Needle Hydrophone

HIFU Instrumented

Tr. Tissue Phantom

Flow

Flow Control
System

Thermocouple Array

and streaming problems is fully 3-D, a feature that allows us 0““':5“’""

to consider a host of insonation geometries in media with | [ Computerforbam |, || Thermocoupis Sigaal

arbitrary Varlablllty Acquisition and Control Conditioning

A. Numerical implementation FIG. 1. Schematic diagram of the apparatus. The HIFU transducer has a

hole in the center through which we feed the simulated vascular flow.
Determining the temperature rise due to acoustic absorp-

tion proceeds as a three-step process: controlled positioning systertnot shown is used to move

(1) Solve for the 2-D axisymmetric, steady-state pressure irthe transducer along the beam axis and in both orthogonal
the mediun{Eg. (1)] based on the known parameters for directions. We employ an axially symmetric tissue phantom
the acoustic source, the propagation geometry, and mgi0.72-cm diam, and 8-cm lengtlin which fluid flow is
terial properties. The rate of ultrasonic energy depositiorsustained in a cylindrical, wall-less flow chanitalcylindri-
per unit volumeq LEq. (2)] and the driving force for cal hole in the phantom formed by removing a rod which is
acoustic streamin§ (see Appendix Aare calculated. originally part of the phantom mo)dhat is aligned parallel

(2) Incorporate the driving forcE in the flow equations and to the acoustic axis. “Blood” flow is created by gravity feed,
solve forlg,,, the 3-D time-dependent acoustic stream-and a flow control and monitor system is used to vary and
ing field in blood domain. stabilize the flow rate.

(3) The specified blood flow characteristics, the energy A PZT needle hydrophon@apco, 1.0 mm active diam-
deposition term, and the streaming velocity field are therete) is embedded in the phantom for situ pressure mea-
fed into the BHTE model, Eq$3)—(5), yielding the 3-D  surements and position calibration. The hydrophone voltage
time-dependent temperature field computation. Thds sampled at 100 MHz using a digital oscilloscope
model supports a time-varying blood flow velocity. (LeCroy). The hydrophone was calibrated in water using a

PVDF membrane hydrophon@odel 804, 0.6 mm active

A finite-difference-time-domaifFDTD) simulation is used element, Perceptron, Hatboro, PA, mfg. calibration pro-

to calculate the acoustic pressure, the acoustic streaming, anitled).

the temperature as in Ref. 30. The FDTD method relies on  Embedded thermocouplg$ype E, bare junction, 125

discrete differences in place of partial derivatives in theum diam, response time less than 40 ms, Omega Engineer-

model equations by dividing the spatial and time domainsng Inc., Stamford, CT monitor the temperature in the flow
into discrete spatial grid points and discrete time sfégse  (central focus, upstream and downstream, and neaj azdl
employ an explicit method where only known values fromin the outer “tissue”(near wall and further awayThe ther-
past time steps are required. The initial condition is the presmocouple outputs are connected to an electronically compen-
sure at the surface of the focused bowl sound source anshted isothermal terminal blo¢kBX-1328, National Instru-
absorbing boundary conditions are employed at the edges afients, Austin, TX and the terminal block outputs are
the computational domain. The time step for the acoustic andonnected to a signal-conditioning mody&CXI-1120, Na-

the BHTE/streaming calculations are s or 10° ms and  tional Instruments, Austin, TX The thermocouple voltages

(typically) 0.5 ms, respectively(The time step in the BHTE are low-pass filteredBW=10 kH2, amplified, and multi-

calculations was adaptiveGrid point spacing for all three plexed by the SCXI module, then sampled at 1 kHz by a data

calculations(acoustic, thermal, and streamjngas main-  acquisition board(AT-MIO-16E-1, 12-bit resolution, 1.25

tained at typically 0.1 mm. Additional details regarding the MS/s maximum sampling rate, National Instruments, Austin,

coding and implementation of the model are provided in RefTX), after which they are smoothed with a 20-pt moving

31.

TABLE |. Measured material properties for the tissue phantom.
I1l. VALIDATION BY COMPARISON WITH

EXPERIMENTS Physical property Agar tissue phantom  Human tissue
A schematic of the measurement apparatus is shown iRensity (kg/n?) 1045+20 1000-1100
Fig. 1. The acoustic source and tissue phantom are immersé&gund speedm/s 1550+15 1450-1640
in filtered, deionized, and degassed water contained in a S%tte”.“.at'on(Np/m'y'Hz) 10.2+0.30 4.03-17.27
. . . . . Specific heatJ/kg-°C) 3700+200 3600-3890
cm-long, 43-cm-wide, and 46-cm-high acrylic tank, which is 1y,ormal conductivity(W/m-°C) 0.59+0 .02 0.45-0.56

open to the atmosphere. A three-dimensional computet
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TABLE Il. Measured material properties for the blood simulants.

Physical property BMF1 BMF2 Human whole blood
Density (kg/n) 1108+1 1036+1 1052-1064
Sound Speedm/s) 1704+15 1549+15 1540-1590
Attenuation(Np/m-MHz) 1.32+0.20 0.46:£0.20 1.32-1.84
Specific HeatJ/kg:°C) 3450+200 3930200 3600-3840
Thermal ConductivitfW/m-°C) 0.45+0.02 0.570.02 0.48-0.53
Viscosity (kg/s-m) 0.0037+0.0001 0.00420.0001 0.0035-0.0045

average. The function generator, the oscilloscope, and th&uspension is that cellulose powder is hydrophilic, and no
processed thermocouple output are coupled to a computer sorrfactant is required to promote wetting; this makes the sus-
that we can control the source level, captureithsitu pres-  pension easy to prepare and degas. Moreover, the attenuation
sure, and monitor the temperature field. coefficient of BMF1(roughly 1.3 Np/m/Mh#* is close to
The sound source is a single-element, spherically fothat of human whole blood. However, because cellulose
cused, piezoceramic transdugdtodels H-102 and H-101, powder is denser than the glycerin/water mixture, the par-
Sonic Concepts, Woodinville, WAwith a 20-mm-diam hole ticles settle very quickly. Consequently, the suspension needs
in the center (to allow tubing containing the blood- to be continuously mixed using a magnetic stirrer—stirring
mimicking fluid flow to pass thru to facilitate coaxial flow is impractical in the flow system employed, particularly in
and acoustics as indicated in Fig, & focal length of 62.64 the test volume. Therefore, BMF1 is not suitable for ex-
mm, an aperture of 70.0 mm, and a center frequency of 1.fended measurement periods, especially when the original
MHz. It was calibrated in water using the PVDF membrane.vessel size is small and the flow rate is slow.
The agar-based phantom material is made according to a To mitigate the problem with particle settling, we em-
recipe adapted from Burleet al,** and is a mixture of wa- ploy a second blood mimicking fluiBMF2) using a formu-
ter, agar, graphite powdeacts as a scattepemethyl para-  lation originally developed for flow Doppler test phantoffs.
ben (acts as a preservativeand 1-propanolacts as sound Orgasol particle$Orgasol 2001 UD NAT, Atofina Chemicals
speed tuning The most appealing feature of this recipe isinc., Philadelphia, PAhave very fine sizg5 um) and a
that the attenuation and sound speed can be varied by altafominal density close to that of watét030 kg/ni). The
ing the concentrations of graphite and 1-propanol, respegarticles are suspended in the glycerol/water mixture and the
tively; there exists a nearly linear dependence on the weighfoncentration of glycerol is adjusted to match the density of
percentage of each component. The meastradoustical  the fluid to that of the particles. Unlike cellulose powder,
and thermal properties of the phantom and blood simulant®rgasol particles are hydrophobic and a surfactant is em-
are provided in Tables | and Il. The quantities correspondingloyed to ensure wetabilitySynperonic N, Trademark of
to “typical” literature values for human tissue and blood are |C|, PLC, BDH Laboratory Supplies, Poole, Englanéi-
also listed for referenc®. nally, sodium azidéSigma S-8032serves as a preservative
We employ two different suspensions to mimic humanand dextrar(Sigma D-4878is added to adjust the viscosity.
blood in the experiments. The first blood mimicking fluid Though advantageous because of its neutral buoyancy,
(BMF1) employs a suspension of cellulose powiN301, BMF2 possessed a lower absorption coefficieatighly 0.5
Matherey and Nagel, Duren, Germarip a glycerin/water  Np/m/Mhz2).
mixture. This cellulose powder has particle sizes of 2—20 ) _
wm. A suspension containing 3.58y mass cellulose in a A Computed and measured pressure fields in water
glycerin/water mixture of ratio 9:10 at room temperature hasanOI phantom material
the same dynamic viscosity at room temperati#eP as Figure 2 shows pressure profiles along acoustic axis, and
whole blood at body temperatute The advantage of this as a function of the radial distance from the acoustic éris

Normalized Pressure

0 L L L
B30 25 20 15 -10 -5 0 5

Axial Distance (mm) Radial Distance (mm)

FIG. 2. Measured and computed pressure profiles in water at 1.0 MHz and 0.4 MPa peak negative focal pressure.
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FIG. 3. A comparison of the measurécdircles and predictedsolid line) FIG. 4. A comparison of the measured and simulated focal temperature in a

peak negative pressure at the focus in phantom as a function of souragiform phantom(a) Output of thermocoupléTC) embedded at the acous-

pressure. The measurement precision is estimated to be better than 1.5% aiwlfocus in our usual tissue-mimicking Agar-graphite phantéimh Simula-

is too small to display on this scale. tion result including the thermocouple artifact heatif@.Simulation result

using the measured acoustic and thermal properties of the agar-graphite

o . phantom with no thermocouple artifact includéd) The TC artifact: output

the focal plang solid lines and open circles correspond to of a TC independently measured in a separate experiment with the TC in the

predictions and measurements, respectively, These resuHsoustic focus embedded in an low-absorbing Agar-only gel. The acoustic

were obtained in water at 30 °C using the PVDF membrandreduency, peak negative focal pressure, and exposure time was 1.0 MHz,

. 1.11 MPa, and 1 s for allata.

hydrophone. The pressures shown are all peak negativé

guantities normalized to a focal pressure of 0.40 MPa. Good

agreement is found in the focal region and along the sidenhanced heating in the viscous boundary layer adjacent to

lobes in the focal plane. Since power deposition is quadrati¢ghe thermocouple surfad®.We are able to independently

in the pressure, deviations between measurement and modekasure this effect by embedding the thermocouple in a low-

in the low-amplitude regions are not deemed significant.  absorption materialeither agar alone when the thermo-

Although a full-field field pressure measurement cannofcouple is in the phantom region, or particle-free BMF when

be done in the phantom, we can nevertheless compare preéhe thermocouple is in the flow regipso that the measured

dicted and measurdh situ) focal pressures. Figure 3 shows temperature rise is solely the result of the boundary-layer

the measuredcircles and computedsolid line) peak nega- viscous heating at the thermocouple—lifg in Fig. 4. We

tive pressure at the focus as a function of source pressuten corrected the calculation to account for this artifactual

(peak negative pressure at the face of the transglu€ee  heating(b), and the resulting agreement between model and

source pressure resulted from the acoustic pressure calibrareasurement is quite good. We stress that the artifactual

tion method described by Huatlgand the measurements heating was measured independently—we do not employ

were obtained with the calibrated needle hydrophone. Wany fitting parameters

show good agreement between the measured and predicted

values; all deviations are less than 5004 dB).

C. Computed and measured temperature fields in a
B. Computed and measured temperature fields in a flow phantom

uniform phantom We next equip the tissue phantom with a 6.35-mm-diam

As an initial test of the BHTE model, we constructed awall-less “vessel” positioned parallel to the acoustic axis
solid agar-graphite phantom with no vascularity and mea{Fig. 1). The vessel is constructed by molding the phantom
sured the focal temperature as a function of time. Resultaround a solid brass rod, which was subsequently removed.
shown in Fig. 4 exhibit the characteristic heating and coolingrhe blood simulant used is BMF1. A thermocouple is imbed-
curves; however, there is a significant difference between thded in the flow center and 35 mm from the surface of the
measureda) and calculatedc) responses, owing to the well- phantom. The acoustic focus is positioned directly on the
known “thermocouple artifact” effect, which is caused by thermocouple. There is no externally applied flow. The ob-

() Streaming neglected > (b) Streaming is accounted for

/ Prediction

Measurement

0.8
FIG. 5. The computed and measured temperature re-
sponse for vessel 6.5 mm in diameter and a 1-s in-
sonation|[BMF1, 1 MHz frequency and peak negative

0.6

Temperature Rise (°C)

04 focal pressure of 1.52 MR&patial peak temporal peak
02 Intensity=6.1x 10° W/m?]. (a) Shows the predicted re-
sponse without acoustic streaming which is about 30%
0 above the measured responé®; shows the prediction
0 1 2 3 0 1 2 3 when streaming is accounted for.

Time (s) Time (s)
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jective is to assess the contributions of acoustic streaming a 3%
well as to validate the code when used to model axisymmet-
ric configurations.

Figure 5 shows the computed and measured temperaturE 25f
response for 1-s insonation when the acoustic streaming icg
neglected in the calculatiorta) and when the acoustic
streaming is accounted f@p). The frequency and peak nega- | |
tive focal pressure are 1.0 MHz and 1.52 MPa, respectively.w . : 3 3
Note the excellent agreement between the measured ang [ . 2 2
computed temperature profiles when the effect of acousticm 05 T
streaming is includedThe aforementioned thermocouple ar- g
tifact correction was applied to the calculatipithe result o ?
shows that acoustic streaming present during HIFU in- 25 30 a5 50 55
sonation leads to significant cooling at the focus; an overes- AXlal Dlstance (mmy)
timation (33% in thIS. caspof .the .heatmg of the “blood” FIG. 6. Simulated streaming profile around the focal region inside the 6.5
ensues when acoustic streaming is neglected. Although thefgy, vessel. Axial distances are measured from the surface of the tissue
is no externally applied flow, the maximum flow velocity phantom. Focal plane is at 35 mm. The length of the arrow denotes flow
along the transducer axis can still reach as high as 4.9 cmppeed(the maximum speed indicated is 4.93 cyémd the acoustic fre-
(predlcted valugfor the pressure amplltude of 1.52 MPa at 9uency and peak negative focal pressure were 1.0 MHz and 1.52 MPa,

respectively. BMF1 properties were used.
the end of 1 s. The calculated streaming profile around the
focal region is given in Fig. 6. For this axisymmetric case,
streaming is illustrated only in the half-space. The directioninsonation time. When flow was present the same trend with
of the arrow indicates the direction of the velocity, and theincreasing insonation time was observed, but the peak values
size of the arrow denotes the magnitude of the velocity. Thet the end of each insonation were slightly lower than the
plot exhibits a local circulation around the focus, with the no-flow counterparts. Longer insonation times exacerbated
maximum velocity in postfocal region. the difference between the flow and no-flow peak tempera-

We then equip another tissue phantom with a 2.6-mmiures at all pressures. It appears that convective heat transfer
diam vessel positioned parallel to the acoustic axis. A therewing to externally imposed flow alone has a small, but mea-
mocouple is embedded in the phantom material, 0.4 mnsurable, impact on the temperature elevation in the phantom
from the vessel wall and in the focal plane of the transducematerial for these time scales, which are short with respect to
The acoustic focus is positioned on the thermocouple. Théhermal conduction owing to diffusion alone. For much
blood simulant is BMF2. The objective is to assess the conlonger insonation times we expect the variation to become
tributions of convective cooling as well as to validate thelarger. Note also the excellent agreement between the mea-
code when used to model non-axisymmetric configurationssured and computed temperature profiles.

Figure 7 shows the computed and measured temperature re- The comparison of measured and predicted peak tem-
sponse for insonation times of 1, 3,086 s and for imposed perature rise at the focus as a function of pressure with vary-
mean flow velocities of 0 cm/sec and 1.87 cm/sec. The freing flow speed for a 5-s insonation time is given in Fig. 8.

guency and peak negative focal pressure are 1.0 MHz antihe focus is again positioned just outside the vessel as in the
1.45 MPa, respectively. For the case of no flow the pealcase of Fig. 7. Each data point is the average of five sequen-
temperature rise increased from 3.5° to 7° with increasindial measurements, minus the thermocouple artifact. The

m
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21 t =3 sec 2 t =5 sec perature rise versus time at the focus
[«_E> 1 U = 0 cm/sec 1 U= Ocm/sec (positioned in phantom material and
0 0 ‘ ‘ 0 0.4 mm from the vessel walfor a 2.6
0 1 2 3 4 5 01 23 456 7 8 012345678910 cm diameter vessel, for differing in-
sonation times and imposed flow ve-
4 6 8 locities in BMF2. The acoustic fre-
o t =1sec 5 7 quency and peak focal pressure was
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7 ing must be included as a source term in E§sand(4), and

©  Measurement (U=0) . . .
6.5 | ©  Measurement (U=0.67 cm/s) bubbly liquid propagation effects must also be

O 6l A Measurement (U=1.87 cr/s) Considered;.?"35'36
b Prediction (U=0)
R | Prediction (U=0.67 cm/s)
& 5 || —-—--Prediction (U=187 cmis)
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the focus(positioned in phantom material and 0.4 mm from the vesselwall
as a function of pressure for varying external applied flow speeds in BMF2. .
The vessel diameter is 2.6 mm. The insonation time is 5 s. Each point is afPPENDIX A: ACOUSTIC STREAMING MODEL

average of five measurements and the error bars are the maximum deviation . . L
o e After Kamakuraet al,*® we begin with the continuity

equation and the Navier—Stokes equation in a viscous in-

phantom is allowed to cool completely between measure(-:ompress'ble fluid:

ments and the error bars indicate the maximum deviaton V.U=0, (A1)
from the mean. Good agreement is found for mean flow ve- -

i ithi i . U - - - 1 1.
quty of_O, 0.67, and 1.87 cm/s within the estimated uncer SNy Ty Hori-_ Zypy ZF (A2)
tainties in temperature measurement and model predittion. ot Po Po Po

These results offer strong evidence of both the accuracy and - . . .
g Y aGhereU is the streaming velocity? is the static pressure

g:(?su?:]?:etgz: i;r;ing:i%iegrr:r:/egmgﬁgn applied to r]On_is the shear viscosity of the medium, apglis the ambient
y 9 ' density. The first two terms in E§A2) describe the accel-
eration of the fluid, the third term accounts for viscous stress,

IV. SUMMARY AND CONCLUSIONS and the fourth term captures the stress due to pressure varia-

A finite difference time domain code was developed totion in the fluid.F in the last term is the force acting on the

predict HIFU-induced pressure and temperature fields in apfluid by the presence of sound. The forcing function due to

sorbing media with flow. The pressure model is 2-D axisym-Sound can be written &

metric _and the temperature f_ield model_ is 3-D. _Three— F= — pol (Uy- V)l + Uy (V- Uy)), (A3)
dimensional acoustic streaming was included in the L ) o )
simulation. Simulation performance was demonstrated by ¥/Nere us is the first-order approximation for the acoustic
quantitative comparison with experiment results obtained ugParticle velocity. The brackets indicate an average over time,
ing an instrumented agar and graphite phantom equippe\e{hose.mterval is much shorter than the tr.an3|e.nt time of
with a wall-less flow channel designed to simulate the conStré@ming and much longer than the acoustic period.
vective cooling effects of a large blood vessel. Good agree- ~ SinNce our acoustic model gives the space- and time-
ment was demonstrated between simulations and measurdéPendent pressure field, we will cast E43) in terms of
ments once the thermocouple artifact was accounted for, THCOUStC pressure rather than particle velocity. The axial
model supports relatively fast 3-D temperature simulation&mponent of the acoustic particle velocity in an ultrasonic
for complex insonation geometries. begm is generally much larger thar_1 _the radial compone_nt.
The results show that convective cooling, due to both! Nis fact also holds true for the driving force of acoustic
blood flow and streaming induced by HIFU, reduces the temStréaming. If we neglect the radial component of acoustic
perature rise in tissue near a large vessel. This demonstrat@@rticle motion, then the force in the acoustic axis direction
reduction in temperature rise associated with both phenonfan be written as followgtaking z as the axis of the beam
ena illustrates the importance of including vascular convec- auy, auz, J
tive effects in any model of HIFU heating in real tissue. The F,= —po< 2Lllz?> = —po< —> = —p05<ulz>.
present model will yield valid predictions in real tissue as (A4)
long as the assumptions in the model are not violated. Thus, . )
the model should apply in all soft tissuésone and cartilage Using the plane Wave.lmpedange relation between the_ sound
would violate the weak scattering assumplitor which the ~ Pressure and the particle velocify, = poCous, Wherep; is
acoustic and thermal properties are well known at the frelhe first-order ap_prommatlon for the acoustic pressure, Eq.
quencies of interest, and for which the propagation nonlin{A4) can be rewritten as

earity is minimal. The range of the model's usefulness ex- 1 g 14 2a
tends until pressures above which the cavitation nucleation F,=—-— —(pH=———== B9 (A5)
threshold is exceeded, at which point bubble-enhanced heat- poCo 92 Co 92 Co
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