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Heating from high intensity focused ultrasound~HIFU! 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 series ofin vitro 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 ‘vessel’! can reduce peak temperature in a vessel wall by
25%. We also show that HIFU intensities of 6.53105 W/m2 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 America.@DOI: 10.1121/1.1787124#

PACS numbers: 43.80.Gx, 43.80.Sh, 43.25.Nm@FD# Pages: 2451–2458
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I. INTRODUCTION

High intensity focused ultrasound~HIFU!, often referred
to as focused ultrasound surgery~FUS!, is a therapeutic
medical treatment modality that is enjoying a renewed in
est in research and clinical applications.1–4 The manner in
which one applies the acoustic energy determines, to a l
extent, the nature and spatial extent of the biological effec
broad spectrum of therapy is achievable, ranging from ge
heating of tumors to violent tissue ablation, from drug del
ery through sonoporation to kidney stone comminution
barrier to safe and efficacious HIFU therapy involves targ
ing and treatment planning: is the sound energy going to
right spot and in the correct dosage? To address this,
needs an accurate model that, in the context of HIFU ther
includes multiple physical effects: nonlinear sound propa
tion, arbitrary media inhomogeneity, thermal transport p
nomena, convective transport phenomena~i.e., blood flow!
and other second-order effects as needed~acoustic streaming
acoustic radiation stress, and cavitation!.

The years have seen numerous studies devoted to m
eling tissue heating from ultrasound exposure, starting w
the pioneering works of Fry,5 Lele,6 and Parker,7,8 the latter
of whom derived approximate analytical expressions for
temperature rise in a 2-D conducting medium. Most pu
lished methods are limited to simple situations for whi
analytical solutions exist and the use of cylindrical geo
etries suffice. Pond9 broke down the heating volume into
series of cylinders that he used as elemental heat sou
Robinson and Lele10 assumed a cylindrical heat depositio
pattern and produced analytical expressions for the temp
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ture distributions as a function of time. Muir an
Carstensen11 studied the physics of both focused and un
cused ultrasound heat deposition and produced analytica
pressions that incorporated nonlinear effects. Sev
investigators12–15considered how to accurately compute he
generation during ultrasound exposure. Lizziet al.16,17devel-
oped both analytical and numerical solutions to the Pen
bioheat transfer equation18 in the context of glaucoma treat
ment. Hill et al.19 and later Wu and Du20 developed genera
analytical models based on a Gaussian approximation to
beam shape.

Owing to the complexity of the propagation medium
accurate predictions of HIFU-induced temperature rise
generally facilitated by numerical modeling. Kolioset al.21

employed a finite difference method to model perfused
sues in 2-D cylindrical coordinates. Curraet al.22 used a 2-D
finite difference implementation to investigate the impo
tance of nonlinear effects on wave propagation and heat g
eration in perfused liver models. Fan and Hynynen23 inves-
tigated FUS by phased arrays using a 3-D finite differen
model. Hoffelneret al.24 developed a finite element metho
to solve the KZK equation. Wanet al.25 used a matrix relax-
ation method to investigate critical parameters governing
performance of their phased-array system and Mea
et al.26 computed 3-D heat deposition patterns assumin
linear propagation model. Krasovitski and Kimmel27 pre-
sented a 3-D simulation of the temperature field in a
around a blood vessel for a simplified geometry. The lite
ture on modeling of ultrasound-induced tissue heating is
tensive. Readers are directed to the review by Baileyet al.28

for a comprehensive survey.
This paper describes a finite-difference-time-dom

~FDTD! implementation of the basic governing equations
sound propagation and heat transfer in the presence of b
il:
24514)/2451/8/$20.00 © 2004 Acoustical Society of America
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flow and acoustic streaming. We use an implementation
the coupled nonlinear acoustic propagation and absorp
~resulting in spatio-temporally resolved thermal source te
which are then incorporated into a numerical implementat
of the heat conduction equation! originally introduced by
Hallaj and Cleveland.29,30 For the current work we have
modified the implementation to include a convective term
the heat conduction equation. The simulation is 2-D~axis-
symmetric! in pressure and 3-D in all thermal and flow qua
tities. Numerical predictions are assessed through a quan
tive comparison with experiments run in uniform an
vascularized gel phantoms. The acoustic and thermal pro
ties of these phantoms were independently~experimentally!
characterized, and the phantoms were instrumented to fa
tate measurement of acoustic pressure and temperatu
space and time during the heating experiments. The comp
son with model predictions proceeds without reliance on
ting parameters. Described below are the theoretical mo
numerical implementation, and subsequent experime
validation. Additional details describing all facets of th
work are presented by Huang.31

II. MODEL

We model nonlinear sound propagation in a thermov
cous medium with a modified Westervelt equation, accou
ing for the effects of diffraction, absorption, an
nonlinearity:32

S ¹22
1

c2

]2

]t2D p1
d

c4

]3p

]t3
1

b

rc4

]2p2

]t2
50. ~1!

Herec is the sound speed,r is the density,d is the acoustic
diffusivity, andb511B/2A is the coefficient of nonlinearity
with B/A being the nonlinearity parameter of the mediu
The simulation is cast in the time domain, which facilitat
the investigation of the spatial and temporal characteris
of the energy deposition and heating in an arbitrary med
using either pulsed or continuous ultrasound. The model
sumes a classical thermoviscous medium in which the
sorption increases as the frequency squared, though fo
sues the power law for absorption is closer tof 1.1. This will
introduce error in the case of strongly nonlinear waves.
ing a plane wave analysis of nonlinear propagation we e
mated that the error in the heating term is less than 5%
focal peak pressures up to 2 MPa~the range used in this
study!. Moreover, in our experiments the FUS fields gen
ated acoustic cavitation before significant propagation n
linearity set in, and, once bubbles are present, the mo
reported herein is no longer valid.33–36

We assume that the acoustic properties of ourin vitro
setup are such that the acoustic field can be calculated
suming a uniform medium. Therefore the sound field gen
ated by our axisymmetric transducer can be adequately
scribed by a 2-D cylindrical computation, a fact thatgreatly
reduces the computation time required for each simulat
This ‘‘engineering approximation’’ is motivated purely b
practical considerations and recognizes the fact that
acoustic contrast of various structures in tissue is small~bone
and lung being notable exceptions!.
2452 J. Acoust. Soc. Am., Vol. 116, No. 4, Pt. 1, October 2004
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Finally, in order to couple the pressure field model to t
temperature field model~described below! we need to quan-
tify the thermal energy deposition associated with the
sorption of the ultrasonic wave. The following expressio
adapted from Ref. 37, gives the spatially dependent ul
sonic power deposition per unit volume in a nonrelaxi
medium:38

q52aABSI 5
2aABS

v2rc
K S ]p

]t D
2L . ~2!

Here, aABS refers to the local absorption coefficient of th
medium, I is the local acoustic intensity, and the bracke
denote time average over one acoustic cycle.

To model thermal transport in perfused tissue contain
one or more larger blood vessels, we adapt the widely u
Pennes bioheat transfer equation18 ~BHTE!, a form of the
heat conduction equation with biologically relevant sour
and sink terms. The temperature field is split into two d
mains, perfused tissue and flowing blood, and can be
pressed as

r tCt

]T

]t
5Kt¹

2T2wbCb~T2T`!1q ~ tissue domain!,

~3!

rbCb

]T

]t
5Kb¹2T2rbCb~uW •¹T!1q ~blood domain!,

~4!

wherer, C, andK are the density, specific heat, and therm
conductivity with the subscriptst and b referring to tissue
and blood domain;T` refers to the temperature at large di
tances from the focus.wb is the ‘‘perfusion rate’’ which is an
average mass flow rate accounting in an approximate way
blood flow in capillary beds. The perfusion rate in our tiss
phantoms was zero. FinallyuW is the blood flow velocity. The
blood flow field has two components: a fully developed pa
bolic flow ~the Reynolds number Re52rr0U0 /m is less than
100 for all flow conditions studied here! plus an acoustic
streaming flow. Thus, the total blood flow velocity field
written as

uW 5uW ext1uW str52U0F12S r

r 0
D 2G1uW str , ~5!

where uW ext represents parabolic Pouiseille flow anduW str is
acoustic streaming,U0 is the average velocity of the Pou
iseille flow, m is the shear viscosity,r is the radial distance
from the flow axis, andr 0 is the radius of the vessel.

There is a considerable body of literature that develo
the theoretical basis of acoustic streaming. The fluid mot
is described by the continuity and Navier–Stokes~NS! equa-
tions where the driving force derives from the acoustic fie
and is manifested as a spatially dependent momentum tr
fer from sound waves to fluid motion.39 Much of the early
work ~Eckart40 and others! assumed continuous plane wav
and a second-order approximation, which is unsuitable
HIFU beams. We employ a model that follows from the wo
of Kamakuraet al.41,42in which we begin with the continuity
and NS equations for a viscous incompressible fluid. T
representation for the acoustic stress is accurate to se
Huang et al.: Focused ultrasound heating with flow
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order and the formulation includes full hydrodynamic no
linearity. We consider only the axial component of the aco
tic particle velocity field, which we obtain from the pressu
solution @Eq. ~1!# using a linear impedance relationshi
which is described in Appendix A. The reader is referred
Ref. 31 for more information.

Unlike the pressure field, 3-D solutions for the BHT
and streaming equations are readily obtained, for the sp
grid and time steps required for the latter are considera
larger than the former. Thus coding for the heat conduct
and streaming problems is fully 3-D, a feature that allows
to consider a host of insonation geometries in media w
arbitrary variability

A. Numerical implementation

Determining the temperature rise due to acoustic abs
tion proceeds as a three-step process:

~1! Solve for the 2-D axisymmetric, steady-state pressur
the medium@Eq. ~1!# based on the known parameters f
the acoustic source, the propagation geometry, and
terial properties. The rate of ultrasonic energy deposit
per unit volumeq @Eq. ~2!# and the driving force for
acoustic streamingFW ~see Appendix A! are calculated.

~2! Incorporate the driving forceFW in the flow equations and
solve foruW str , the 3-D time-dependent acoustic strea
ing field in blood domain.

~3! The specified blood flow characteristics, the ene
deposition term, and the streaming velocity field are th
fed into the BHTE model, Eqs.~3!–~5!, yielding the 3-D
time-dependent temperature field computation. T
model supports a time-varying blood flow velocity.

A finite-difference-time-domain~FDTD! simulation is used
to calculate the acoustic pressure, the acoustic streaming
the temperature as in Ref. 30. The FDTD method relies
discrete differences in place of partial derivatives in t
model equations by dividing the spatial and time doma
into discrete spatial grid points and discrete time steps.43 We
employ an explicit method where only known values fro
past time steps are required. The initial condition is the pr
sure at the surface of the focused bowl sound source
absorbing boundary conditions are employed at the edge
the computational domain. The time step for the acoustic
the BHTE/streaming calculations are 1028 s or 1025 ms and
~typically! 0.5 ms, respectively.~The time step in the BHTE
calculations was adaptive.! Grid point spacing for all three
calculations~acoustic, thermal, and streaming! was main-
tained at typically 0.1 mm. Additional details regarding t
coding and implementation of the model are provided in R
31.

III. VALIDATION BY COMPARISON WITH
EXPERIMENTS

A schematic of the measurement apparatus is show
Fig. 1. The acoustic source and tissue phantom are imme
in filtered, deionized, and degassed water contained in a
cm-long, 43-cm-wide, and 46-cm-high acrylic tank, which
open to the atmosphere. A three-dimensional compu
J. Acoust. Soc. Am., Vol. 116, No. 4, Pt. 1, October 2004
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controlled positioning system~not shown! is used to move
the transducer along the beam axis and in both orthogo
directions. We employ an axially symmetric tissue phant
~10.72-cm diam, and 8-cm length! in which fluid flow is
sustained in a cylindrical, wall-less flow channel~a cylindri-
cal hole in the phantom formed by removing a rod which
originally part of the phantom mold! that is aligned parallel
to the acoustic axis. ‘‘Blood’’ flow is created by gravity fee
and a flow control and monitor system is used to vary a
stabilize the flow rate.

A PZT needle hydrophone~Dapco, 1.0 mm active diam
eter! is embedded in the phantom forin situ pressure mea-
surements and position calibration. The hydrophone volt
is sampled at 100 MHz using a digital oscillosco
~LeCroy!. The hydrophone was calibrated in water using
PVDF membrane hydrophone~Model 804, 0.6 mm active
element, Perceptron, Hatboro, PA, mfg. calibration p
vided!.

Embedded thermocouples~type E, bare junction, 125
mm diam, response time less than 40 ms, Omega Engin
ing Inc., Stamford, CT! monitor the temperature in the flow
~central focus, upstream and downstream, and near wall! and
in the outer ‘‘tissue’’~near wall and further away!. The ther-
mocouple outputs are connected to an electronically comp
sated isothermal terminal block~TBX-1328, National Instru-
ments, Austin, TX! and the terminal block outputs ar
connected to a signal-conditioning module~SCXI-1120, Na-
tional Instruments, Austin, TX!. The thermocouple voltage
are low-pass filtered~BW510 kHz!, amplified, and multi-
plexed by the SCXI module, then sampled at 1 kHz by a d
acquisition board~AT-MIO-16E-1, 12-bit resolution, 1.25
MS/s maximum sampling rate, National Instruments, Aus
TX!, after which they are smoothed with a 20-pt movin

FIG. 1. Schematic diagram of the apparatus. The HIFU transducer h
hole in the center through which we feed the simulated vascular flow.

TABLE I. Measured material properties for the tissue phantom.

Physical property Agar tissue phantom Human tiss

Density ~kg/m3! 1045620 1000–1100
Sound speed~m/s! 1550615 1450–1640
Attenuation~Np/m•MHz! 10.260.30 4.03–17.27
Specific heat~J/kg•°C! 37006200 3600–3890
Thermal conductivity~W/m•°C! 0.5960.02 0.45–0.56
2453Huang et al.: Focused ultrasound heating with flow
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TABLE II. Measured material properties for the blood simulants.

Physical property BMF1 BMF2 Human whole bloo

Density ~kg/m3! 110861 103661 1052–1064
Sound Speed~m/s! 1704615 1549615 1540–1590
Attenuation~Np/m•MHz! 1.3260.20 0.4660.20 1.32–1.84
Specific Heat~J/kg•°C! 34506200 39306200 3600–3840
Thermal Conductivity~W/m•°C! 0.4560.02 0.5760.02 0.48–0.53
Viscosity ~kg/s•m! 0.003760.0001 0.004260.0001 0.0035–0.0045
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average. The function generator, the oscilloscope, and
processed thermocouple output are coupled to a comput
that we can control the source level, capture thein situ pres-
sure, and monitor the temperature field.

The sound source is a single-element, spherically
cused, piezoceramic transducer~Models H-102 and H-101
Sonic Concepts, Woodinville, WA!, with a 20-mm-diam hole
in the center ~to allow tubing containing the blood
mimicking fluid flow to pass thru to facilitate coaxial flow
and acoustics as indicated in Fig. 1!, a focal length of 62.64
mm, an aperture of 70.0 mm, and a center frequency of
MHz. It was calibrated in water using the PVDF membra
The agar-based phantom material is made according
recipe adapted from Burlewet al.,44 and is a mixture of wa-
ter, agar, graphite powder~acts as a scatterer!, methyl para-
ben ~acts as a preservative!, and 1-propanol~acts as sound
speed tuning!. The most appealing feature of this recipe
that the attenuation and sound speed can be varied by a
ing the concentrations of graphite and 1-propanol, resp
tively; there exists a nearly linear dependence on the we
percentage of each component. The measured31 acoustical
and thermal properties of the phantom and blood simula
are provided in Tables I and II. The quantities correspond
to ‘‘typical’’ literature values for human tissue and blood a
also listed for reference.45

We employ two different suspensions to mimic hum
blood in the experiments. The first blood mimicking flu
~BMF1! employs a suspension of cellulose powder~MN301,
Matherey and Nagel, Duren, Germany! in a glycerin/water
mixture. This cellulose powder has particle sizes of 2–
mm. A suspension containing 3.5%~by mass! cellulose in a
glycerin/water mixture of ratio 9:10 at room temperature h
the same dynamic viscosity at room temperature~4 cP! as
whole blood at body temperature.46 The advantage of this
oc. Am., Vol. 116, No. 4, Pt. 1, October 2004
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suspension is that cellulose powder is hydrophilic, and
surfactant is required to promote wetting; this makes the s
pension easy to prepare and degas. Moreover, the attenu
coefficient of BMF1~roughly 1.3 Np/m/Mhz!31 is close to
that of human whole blood. However, because cellulo
powder is denser than the glycerin/water mixture, the p
ticles settle very quickly. Consequently, the suspension ne
to be continuously mixed using a magnetic stirrer—stirri
is impractical in the flow system employed, particularly
the test volume. Therefore, BMF1 is not suitable for e
tended measurement periods, especially when the orig
vessel size is small and the flow rate is slow.

To mitigate the problem with particle settling, we em
ploy a second blood mimicking fluid~BMF2! using a formu-
lation originally developed for flow Doppler test phantoms47

Orgasol particles~Orgasol 2001 UD NAT, Atofina Chemical
Inc., Philadelphia, PA! have very fine size~5 mm! and a
nominal density close to that of water~1030 kg/m3!. The
particles are suspended in the glycerol/water mixture and
concentration of glycerol is adjusted to match the density
the fluid to that of the particles. Unlike cellulose powde
Orgasol particles are hydrophobic and a surfactant is
ployed to ensure wetability~Synperonic N, Trademark o
ICI, PLC, BDH Laboratory Supplies, Poole, England!. Fi-
nally, sodium azide~Sigma S-8032! serves as a preservativ
and dextran~Sigma D-4876! is added to adjust the viscosity
Though advantageous because of its neutral buoya
BMF2 possessed a lower absorption coefficient~roughly 0.5
Np/m/Mhz!.

A. Computed and measured pressure fields in water
and phantom material

Figure 2 shows pressure profiles along acoustic axis,
as a function of the radial distance from the acoustic axis~in
FIG. 2. Measured and computed pressure profiles in water at 1.0 MHz and 0.4 MPa peak negative focal pressure.
Huang et al.: Focused ultrasound heating with flow
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the focal plane!; solid lines and open circles correspond
predictions and measurements, respectively. These re
were obtained in water at 30 °C using the PVDF membr
hydrophone. The pressures shown are all peak nega
quantities normalized to a focal pressure of 0.40 MPa. G
agreement is found in the focal region and along the s
lobes in the focal plane. Since power deposition is quadr
in the pressure, deviations between measurement and m
in the low-amplitude regions are not deemed significant.

Although a full-field field pressure measurement can
be done in the phantom, we can nevertheless compare
dicted and measured~in situ! focal pressures. Figure 3 show
the measured~circles! and computed~solid line! peak nega-
tive pressure at the focus as a function of source pres
~peak negative pressure at the face of the transducer!. The
source pressure resulted from the acoustic pressure ca
tion method described by Huang31 and the measuremen
were obtained with the calibrated needle hydrophone.
show good agreement between the measured and pred
values; all deviations are less than 5%~0.4 dB!.

B. Computed and measured temperature fields in a
uniform phantom

As an initial test of the BHTE model, we constructed
solid agar-graphite phantom with no vascularity and m
sured the focal temperature as a function of time. Res
shown in Fig. 4 exhibit the characteristic heating and cool
curves; however, there is a significant difference between
measured~a! and calculated~c! responses, owing to the wel
known ‘‘thermocouple artifact’’ effect, which is caused b

FIG. 3. A comparison of the measured~circles! and predicted~solid line!
peak negative pressure at the focus in phantom as a function of so
pressure. The measurement precision is estimated to be better than 1.5
is too small to display on this scale.
J. Acoust. Soc. Am., Vol. 116, No. 4, Pt. 1, October 2004
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enhanced heating in the viscous boundary layer adjacen
the thermocouple surface.48 We are able to independentl
measure this effect by embedding the thermocouple in a l
absorption material~either agar alone when the therm
couple is in the phantom region, or particle-free BMF wh
the thermocouple is in the flow region! so that the measure
temperature rise is solely the result of the boundary-la
viscous heating at the thermocouple—line~d! in Fig. 4. We
then corrected the calculation to account for this artifact
heating~b!, and the resulting agreement between model a
measurement is quite good. We stress that the artifac
heating was measured independently—we do not emp
any fitting parameters

C. Computed and measured temperature fields in a
flow phantom

We next equip the tissue phantom with a 6.35-mm-di
wall-less ‘‘vessel’’ positioned parallel to the acoustic ax
~Fig. 1!. The vessel is constructed by molding the phant
around a solid brass rod, which was subsequently remo
The blood simulant used is BMF1. A thermocouple is imbe
ded in the flow center and 35 mm from the surface of
phantom. The acoustic focus is positioned directly on
thermocouple. There is no externally applied flow. The o

rce
and

FIG. 4. A comparison of the measured and simulated focal temperature
uniform phantom.~a! Output of thermocouple~TC! embedded at the acous
tic focus in our usual tissue-mimicking Agar-graphite phantom.~b! Simula-
tion result including the thermocouple artifact heating.~c! Simulation result
using the measured acoustic and thermal properties of the agar-gra
phantom with no thermocouple artifact included.~d! The TC artifact: output
of a TC independently measured in a separate experiment with the TC i
acoustic focus embedded in an low-absorbing Agar-only gel. The acou
frequency, peak negative focal pressure, and exposure time was 1.0 M
1.11 MPa, and 1 s for alldata.
re-
in-
e

%

FIG. 5. The computed and measured temperature
sponse for vessel 6.5 mm in diameter and a 1-s
sonation@BMF1, 1 MHz frequency and peak negativ
focal pressure of 1.52 MPa~Spatial peak temporal peak
Intensity56.13105 W/m2]. ~a! Shows the predicted re-
sponse without acoustic streaming which is about 30
above the measured response;~b! shows the prediction
when streaming is accounted for.
2455Huang et al.: Focused ultrasound heating with flow
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flow

Pa,
jective is to assess the contributions of acoustic streamin
well as to validate the code when used to model axisymm
ric configurations.

Figure 5 shows the computed and measured tempera
response for 1-s insonation when the acoustic streamin
neglected in the calculation~a! and when the acousti
streaming is accounted for~b!. The frequency and peak neg
tive focal pressure are 1.0 MHz and 1.52 MPa, respectiv
Note the excellent agreement between the measured
computed temperature profiles when the effect of acou
streaming is included.~The aforementioned thermocouple a
tifact correction was applied to the calculation.! The result
shows that acoustic streaming present during HIFU
sonation leads to significant cooling at the focus; an ove
timation ~33% in this case! of the heating of the ‘‘blood’’
ensues when acoustic streaming is neglected. Although t
is no externally applied flow, the maximum flow veloci
along the transducer axis can still reach as high as 4.9 c
~predicted value! for the pressure amplitude of 1.52 MPa
the end of 1 s. The calculated streaming profile around
focal region is given in Fig. 6. For this axisymmetric cas
streaming is illustrated only in the half-space. The direct
of the arrow indicates the direction of the velocity, and t
size of the arrow denotes the magnitude of the velocity. T
plot exhibits a local circulation around the focus, with t
maximum velocity in postfocal region.

We then equip another tissue phantom with a 2.6-m
diam vessel positioned parallel to the acoustic axis. A th
mocouple is embedded in the phantom material, 0.4
from the vessel wall and in the focal plane of the transdu
The acoustic focus is positioned on the thermocouple.
blood simulant is BMF2. The objective is to assess the c
tributions of convective cooling as well as to validate t
code when used to model non-axisymmetric configuratio
Figure 7 shows the computed and measured temperatur
sponse for insonation times of 1, 3, and 5 s and for imposed
mean flow velocities of 0 cm/sec and 1.87 cm/sec. The
quency and peak negative focal pressure are 1.0 MHz
1.45 MPa, respectively. For the case of no flow the pe
temperature rise increased from 3.5° to 7° with increas
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insonation time. When flow was present the same trend w
increasing insonation time was observed, but the peak va
at the end of each insonation were slightly lower than
no-flow counterparts. Longer insonation times exacerba
the difference between the flow and no-flow peak tempe
tures at all pressures. It appears that convective heat tran
owing to externally imposed flow alone has a small, but m
surable, impact on the temperature elevation in the phan
material for these time scales, which are short with respec
thermal conduction owing to diffusion alone. For muc
longer insonation times we expect the variation to beco
larger. Note also the excellent agreement between the m
sured and computed temperature profiles.

The comparison of measured and predicted peak t
perature rise at the focus as a function of pressure with v
ing flow speed for a 5-s insonation time is given in Fig.
The focus is again positioned just outside the vessel as in
case of Fig. 7. Each data point is the average of five sequ
tial measurements, minus the thermocouple artifact. T

FIG. 6. Simulated streaming profile around the focal region inside the
mm vessel. Axial distances are measured from the surface of the ti
phantom. Focal plane is at 35 mm. The length of the arrow denotes
speed~the maximum speed indicated is 4.93 cm/s! and the acoustic fre-
quency and peak negative focal pressure were 1.0 MHz and 1.52 M
respectively. BMF1 properties were used.
-
s

d

-

s

FIG. 7. Measured and predicted tem
perature rise versus time at the focu
~positioned in phantom material an
0.4 mm from the vessel wall! for a 2.6
cm diameter vessel, for differing in-
sonation times and imposed flow ve
locities in BMF2. The acoustic fre-
quency and peak focal pressure wa
1.0 MHz and 1.45 MPa~spatial peak
temporal peak Intensity56.5
3105 W/m2), respectively. Dark
line—data; light line—prediction.
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phantom is allowed to cool completely between measu
ments and the error bars indicate the maximum devia
from the mean. Good agreement is found for mean flow
locity of 0, 0.67, and 1.87 cm/s within the estimated unc
tainties in temperature measurement and model predictio31

These results offer strong evidence of both the accuracy
precision of the model, even when applied to no
axisymmetric insonation arrangements.

IV. SUMMARY AND CONCLUSIONS

A finite difference time domain code was developed
predict HIFU-induced pressure and temperature fields in
sorbing media with flow. The pressure model is 2-D axisy
metric and the temperature field model is 3-D. Thre
dimensional acoustic streaming was included in
simulation. Simulation performance was demonstrated b
quantitative comparison with experiment results obtained
ing an instrumented agar and graphite phantom equip
with a wall-less flow channel designed to simulate the c
vective cooling effects of a large blood vessel. Good agr
ment was demonstrated between simulations and mea
ments once the thermocouple artifact was accounted for.
model supports relatively fast 3-D temperature simulatio
for complex insonation geometries.

The results show that convective cooling, due to b
blood flow and streaming induced by HIFU, reduces the te
perature rise in tissue near a large vessel. This demonst
reduction in temperature rise associated with both phen
ena illustrates the importance of including vascular conv
tive effects in any model of HIFU heating in real tissue. T
present model will yield valid predictions in real tissue
long as the assumptions in the model are not violated. T
the model should apply in all soft tissues~bone and cartilage
would violate the weak scattering assumption! for which the
acoustic and thermal properties are well known at the
quencies of interest, and for which the propagation non
earity is minimal. The range of the model’s usefulness
tends until pressures above which the cavitation nuclea
threshold is exceeded, at which point bubble-enhanced h

FIG. 8. Comparison of the measured and predicted peak temperature r
the focus~positioned in phantom material and 0.4 mm from the vessel w!
as a function of pressure for varying external applied flow speeds in BM
The vessel diameter is 2.6 mm. The insonation time is 5 s. Each point
average of five measurements and the error bars are the maximum dev
from the mean.
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ing must be included as a source term in Eqs.~3! and~4!, and
bubbly liquid propagation effects must also b
considered.33,35,36
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APPENDIX A: ACOUSTIC STREAMING MODEL

After Kamakuraet al.,36 we begin with the continuity
equation and the Navier–Stokes equation in a viscous
compressible fluid:

¹•UW 50, ~A1!

]UW

]t
1~UW •¹!UW 2

m

r0
¹2UW 52

1

r0
¹P1

1

r0
FW , ~A2!

whereUW is the streaming velocity,P is the static pressure,m
is the shear viscosity of the medium, andr0 is the ambient
density. The first two terms in Eq.~A2! describe the accel
eration of the fluid, the third term accounts for viscous stre
and the fourth term captures the stress due to pressure v
tion in the fluid.FW in the last term is the force acting on th
fluid by the presence of sound. The forcing function due
sound can be written as49

FW 52r0^~uW 1•¹!uW 11uW 1~¹•uW 1!&, ~A3!

where uW 1 is the first-order approximation for the acoust
particle velocity. The brackets indicate an average over ti
whose interval is much shorter than the transient time
streaming and much longer than the acoustic period.

Since our acoustic model gives the space- and tim
dependent pressure field, we will cast Eq.~A3! in terms of
acoustic pressure rather than particle velocity. The a
component of the acoustic particle velocity in an ultraso
beam is generally much larger than the radial compon
This fact also holds true for the driving force of acous
streaming. If we neglect the radial component of acous
particle motion, then the force in the acoustic axis direct
can be written as follows~taking z as the axis of the beam!,

Fz52r0K 2u1z

]u1z

]z L 52r0K ]u1z
2

]z L 52r0

]

]z
^u1z

2 &.

~A4!

Using the plane wave impedance relation between the so
pressure and the particle velocity,p15r0c0u1 , wherep1 is
the first-order approximation for the acoustic pressure,
~A4! can be rewritten as

Fz52
1

r0c0
2

]

]z
^p1

2&52
1

c0

]I

]z
5

2aABS

c0
I , ~A5!
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whereI is the intensity in the direction of propagation, an
]I /]z522aABSI for a linear plane wave approximation
whereaABS is the pressure absorption coefficient of the m
dium. For a time-harmonic wave the intensity is given by

I 5
1

r0c0
^p1

2&5
1

v2r0c0
K S ]p1

]t D 2L . ~A6!

Equation~A5! may thus be solved simultaneously with th
Westervelt equation~1!. The resulting streaming velocit
used in Eq.~5! is numerically obtained from combining Eq
~A5! with Eqs.~A1! and ~A2!.
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